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Implementation of stormwater treatment systems such as constructed wetlands and 
bioretention basins as a part of water sensitive urban design (WSUD) systems is 
common in Australia. However, the design and installation of these systems are 
commonly based on stereotypical set of guidelines due to the lack of fundamental 
knowledge on the performance and how the performance is influenced by hydrologic 
and hydraulic factors,. This has led to inefficient treatment performance resulting in 
the waste of resources. This research study aimed to define the influence of 
hydrologic and hydraulic factors on the treatment performance of constructed 
wetlands and bioretention basins leading to the enhancement of the current 
knowledge base.  
The comprehensive dataset required for the study was obtained from a series of field 
investigations, laboratory tests, and data analysis. For this purpose, a constructed 
wetland and a bioretention basin where a comprehensive field monitoring program 
was in place were selected as study sites. Quantity measurements resulting from field 
investigations were transformed into hydrologic and hydraulic factors of the 
investigated systems with the use of two conceptual models. Quality data resulting 
from laboratory tests and the hydrologic and hydraulic factors derived were analysed 
using multivariate data analytical techniques. In this regard, multi criteria decision 
making (MCDM) methods, PROMETHEE and GAIA, and principal component 
analysis (PCA) were used.   
Analysis of the constructed wetland treatment performance showed that it is capable 
for removing total suspended solids (TSS), total nitrogen (TN) and total phosphorus 
(TP) resulting in relatively consistent outflow quality irrespective to the quality of 
inflow. However, the actual reduction in event mean concentration (EMC) varies 
significantly confirming that external factors such as rainfall and hydraulic factors 
influence the treatment processes of the constructed wetland.  
The study also found that longer retention time during small rainfall events achieves 
better TSS and TN reduction confirming the effectiveness of fine particulate settling 
and nitrification-denitrification processes in the constructed wetland. Interestingly, 
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the study also found that hydraulic and hydrodynamic processes result in TP 
concentration negatively correlating with TSS despite the fact that phosphorus 
compounds are typically attached to particulates. Rainfall depth which varies with 
the velocity and depth of flow in the wetland cells significantly determines the trend 
in pollutant load reduction in a constructed wetland. During storm events with low 
rainfall depth, the trend of TSS, TN and TP reduction was found to be higher at the 
beginning. This is attributed to the discharge of already treated stormwater from 
wetland cells. However, the outflow quality decreases with time. Conversely, the 
trend is lower at the beginning for storm events with high rainfall depth, suggesting 
the rapid mixing of untreated inflow and treated stormwater stored in wetland cells 
due to high velocity resulting in the improvement in outflow quality with time. On 
the other hand, rainfall intensity and inflow rate was found ot have minimal 
influence on treatment performance. 
The concentration of TSS and phosphorus compounds were found to reduce in 
bioretention basin outflow and the reduction increases with the increase in 
antecedent dry period. This is attributed to solids build-up characteristics where 
longer dry periods increase the amount and average size of particulate pollutants 
leading to higher retention due to filtration. Conversely, due to leaching, the 
dissolved nutrient concentrations were elevated in the outflow. However, due to 
significant stormwater retention within the filter media, all pollutants loadings were 
reduced. The analysis showed that the volume retained, antecedent dry period and 
contributed wetted area are critical parameters in determining the performance of a 
bioretention basin, whereas peak outflow and rainfall intensity are less significant. 
The study found contrasting treatment performance characteristics in the constructed 
wetland and bioretention basin. Constructed wetland showed consistent outflow 
pollutant concentrations compared to the bioretention basin. Though the outflow 
pollutant concentration in the bioretention basin outflow was varied, it provided 
better pollutant load reduction. This justifies adopting a treatment train approach 
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Impacts of urbanisation on the natural water cycle are clearly evident. These impacts 
include changes to both stormwater quantity and quality (Goonetilleke et al. 2005; 
Prakash 2005; Wong 2006). Urbanisation results in the spread of impervious areas 
and a diversification of land use, with large natural vegetated lands converted to 
impervious areas such as roofs, roads and driveways, car parks and other paved 
surfaces. The increased fraction of impervious surfaces leads to more frequent high 
flow events and increase in stormwater runoff volume generated from urban 
catchments due to reduced stormwater infiltration into the ground. The water 
quantity impacts of urban development include hydrologic regime alterations, 
changes to geomorphology and stream channel erosion, downstream sediment 
deposition and flooding (Clar et al. 2004a; Wong  et al. 2000).  
The hydrologic and hydraulic impacts of urban stormwater are widely recognised as 
significant environmental threats. However, the stormwater quality impacts of 
urbanisation are far more critical. Urban areas typically consist of residential, 
commercial and industrial land uses where anthropogenic activities generate various 
types of pollutants (Goonetilleke et al. 2005; Herngren et al. 2006). These pollutants 
are consequently washed into receiving waters creating irreversible environmental 
impacts. Due to the growing public awareness in recent years of stormwater 
pollution and its environmental impacts, the development of stormwater 
management strategies focusing on pollutant removal in urban stormwater has 
gained increasing attention. The public concern about the importance of managing 
urban stormwater pollution in order to protect the key environmental values of 
receiving waters has resulted in regulatory authorities being increasingly challenged 
to provide appropriate and wise management of urbanisation impacts (Goonetilleke 
and Thomas 2003).  
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1.2 Research Problem 
Constructed wetlands and bioretention basins are commonly used structural 
stormwater treatment systems in Australia. These systems are typically designed and 
installed based purely on stereotype set of guidelines. This is partly due to lack of 
fundamental knowledge of performance of these systems and how the performance 
is influenced by hydrologic and hydraulic factors. Stereotype designs and installation 
of structural treatment systems has led to inefficient treatment performance resulting 
in a waste of resources.  
Stormwater quality treatment in constructed wetlands and bioretention basins are 
primarily achieved by processes such as settling, filtration, adsorption and biological 
uptake. These processes are complex and significantly influenced by hydraulic, 
chemical and biological factors. At the same time, rainfall characteristics and 
hydrologic characteristics of contributing catchments influence the hydraulic 
conditions of treatment systems.  
 
1.3 Aims and Objective 
The research aims were: 
• To identify the hydraulic factors of constructed wetlands and bioretention 
basins which influence stormwater treatment performance. 
• To identify how rainfall characteristics influence hydraulic behaviour of 
constructed wetlands and bioretention basins which in turn influence 
stormwater treatment performance. 
Research Objective: 
The primary objective of this research study was to define the linkage between 
rainfall characteristics, hydrologic and hydraulic factors and treatment performance 
of constructed wetlands and bioretention basins. 
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1.4 Research Scope 
The scope of the research study undertaken is as follows: 
• The research study which focused on the investigation of the influence of 
rainfall characteristics was restricted to rainfall events less than 3 months 
average recurrence interval (ARI). 
• This research was confined to investigating only residential catchments. 
• Stormwater quality parameters investigated included solids and nutrients. 
Other stormwater quality parameters such as microbiological parameters, 
hydrocarbons and heavy metals were not investigated. 
• The research study focused only on bioretention basins and constructed 
wetlands. Other stormwater treatment measures such swales were not 
investigated. 
1.5 Innovation and Contribution to Knowledge 
Numerous studies have been conducted for assessing the hydraulic performance and 
pollutant removal processes in constructed wetlands and bioretention basins 
(Bastviken et al. 2009; Chang et al. 2007; Carleton et al. 2001; Davis 2008; Dietz 
and Clausen 2005; Holland et al. 2004; Hsieh et al. 2007b; Kim et al. 2003). 
However, most of the studies have used computer simulations based on empirical 
formulae and simplifying assumptions in relation to the related hydrologic and 
hydraulic conditions without validation with real field data. Most of the studies have 
only focused on long term or event based assessments. Additionally, for bioretention 
basins, even though some of the past studies involved complex analysis with 
numerical methods, the studies have been conducted using laboratory-scale columns. 
Consequently, the results from previous studies of this nature are inconclusive with 
regards to the influence of hydraulic factors on the treatment performance of 
constructed wetlands and bioretention basins. Therefore, relating the rainfall 
characteristics and hydraulic processes of constructed wetland and bioretention basin 
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systems to water quality treatment processes will overcome an important knowledge 
gap in this specific area.  
This research provides an in-depth understanding of water quality treatment 
processes in constructed wetlands and bioretention basins, specifically how rainfall 
characteristics influence hydraulic behaviour and in turn how hydraulic behaviour 
influences their water quality treatment performance. This will enable the 
appropriate design of these systems to suit a specific region and in turn will ensure 
efficiencies in treatment performance. 
Past research studies have primarily focused on long term or event based evaluation 
of constructed wetland and bioretention basin treatment performance. The analysis 
undertaken in this research study focused on understanding the treatment processes 
taking place based on how the hydraulic behaviour influence performance. This 
innovation was achieved by developing hydraulic conceptual models which enabled 
the prediction of system behaviour during a rainfall event. This innovation was 
further enhanced with the usage of field data for the analysis of the treatment 
processes and the calibration of the models developed. 
1.6 Thesis Outline 
The thesis consists of eight chapters. Chapter 1 provides the background for the 
research study, research problem, research hypothesis, aims and objectives, scope of 
the research, innovation and contribution to knowledge and the outline of the thesis. 
Chapter 2 and 3 present the outcomes of the critical review of research literature 
undertaken. The critical review regarding primary stormwater pollutants, urban 
stormwater quality processes, and urban stormwater modelling is discussed in 
Chapter 2, while the discussion of water sensitive urban design (WSUD) concept for 
urban stormwater management and the characteristics and treatment performance of 
selected WSUD measures is discussed in Chapter 3. The research methodology is 
described in Chapter 4. This chapter also explains the laboratory test methods and 
field instrumentation installed and data analysis methods adopted. Chapter 5 
discusses the details about the study site selection, rainfall data and flow 
measurement data collection and water sample analysis. Chapter 6 explains the 
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performance analysis of the constructed wetland. The development of constructed 
stormwater wetland hydraulic conceptual model, obtaining the hydrologic and 
hydraulic factors for the monitored wetland, and the analysis of the wetland water 
quality treatment performance are discussed in this chapter. Chapter 7 describes the 
data analysis undertaken in relation to the bioretention basin performance. This 
includes the development of bioretention basin hydraulic conceptual model, defining 
the influential hydrologic and hydraulic factors, and the analysis of the water quality 
treatment performance and correlation with hydrologic and hydraulic factors. The 
final chapter, Chapter 8 provides the conclusions derived from the study, and 
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Successful formulation of methodology to achieve the aims and objective of this 
research study required comprehensive understanding of the current scientific 
knowledge base relating to stormwater pollution and treatment. For this, a critical 
review of research literature focusing on common pollutant types found in urban 
stormwater, their processes and pathways, and their impacts on receiving waters was 
undertaken.  
The in-depth literature review on urban stormwater pollutants helped to formulate 
the justification for selecting critical pollutants and water quality parameters 
necessary for this research study. The review was also extended to understand 
pollutant generation processes and pathways. This was to gather a clear 
understanding of pollutant transport behaviour including the transport of pollutants 
in constructed wetlands and bioretention basins. The review of pollutant generation 
processes encompassed developing an understanding of the influence of external 
factors such as catchment characteristics and land use on pollutant build-up and 
wash-off processes. This was to investigate the possible variations in pollutant inputs 
to treatment systems. Part of the literature review was also undertaken to support the 
development of the hydraulic conceptual models. This included in-depth review of 
literature relating to urban stormwater modelling and stormwater management.  
2.2 Impact of Urbanisation on Urban Stormwater Pollution 
Water bodies are important features in the urban environment and are highly 
vulnerable to the impacts of urbanisation (Dunphy 2007). Urbanisation, in the form 
of increasing spread of residential, commercial and industrial areas contributes 
significantly to the changes in the water environment. The primary factor in 
urbanisation that causes impacts on water bodies is the increase in impervious 
surfaces such as roads and roofs. Increased impervious surfaces lead to higher 
8 Chapter 2: Urban Stormwater Quality 
 
volume and rate of runoff, due to high conveyance capacity and reduction in 
infiltration into the ground (Barrios 2000). 
In addition, intense anthropogenic activities in urban areas produce high loads and 
greater variety of pollutants, which eventually enter into receiving waters (House et 
al. 1993). In urban areas, pollutants are primarily generated from industrial 
processes, construction and demolition activities, transportation and other traffic 
related activities, and domestic and commercial activities. Due to the distributed 
nature of these pollutant sources, they are termed as non-point sources. Due to non-
point origins, stormwater pollution is difficult to control (Wanielista et al. 1977). 
These pollutants impact on water quality, alter the aquatic habitat, and eventually 
result in changes to the natural condition of the water body (House et al. 1993). 
2.3 Primary Stormwater Pollutants 
Pollutants found in stormwater are part of the stormwater quality parameters which 
can be measured to identify the quality characteristics of the stormwater. It was 
critical to have a detailed understanding of primary stormwater pollutants and 
sources for this study due to their direct relationship to the treatment performance in 
bioretention basins and constructed wetlands. Primary pollutant species commonly 
found in urban stormwater are as follows: 
- Suspended solids 
- Nutrients 
- Organic carbon 
- Heavy metals 
- Hydrocarbons 
Additionally, acidity and alkalinity also provide a reliable indicator of stormwater 
quality. 
(ARMCANZ and ANZECC 2000; Victorian Stormwater Committee 1999) 
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The primary pollutant species listed above and also acidity and alkalinity are 
discussed further in the following sections. 
2.3.1 Suspended Solids 
Solids in water can be divided into suspended solids and dissolved solids. Suspended 
solids are particulate matter larger than 0.45 μm in the water while particles smaller 
than 0.45 μm are considered to be dissolved (Stickney 2009). Suspended solids 
usually originate from land surface erosion, atmospheric deposition, spillage, 
pavement and vehicle wear, building construction and demolition, and illegal 
discharges (ARMCANZ and ANZECC 2000; Ball et al. 1998; Brinkmann 1985). 
Anthropogenic activities are very likely to disturb the soil and its protective cover 
resulting in exposed soil which can be easily loosened and transported by stormwater 
runoff. Nelson and Booth (2002) claimed that a higher concentration of fine 
particulate matter is contributed by anthropogenic activities rather than natural 
sources.  
It is well known that suspended solids are closely associated with other pollutants 
such as nutrients, hydrocarbons and heavy metals (Goonetilleke et al. 2009; 
Herngren et al. 2005; Vaze and Chiew 2004). A number of researchers, for example, 
Atasoy et al. (2006), Bian and Zhu (2008), Ongley et al. (1981), and Viklander 
(1998), have noted the attachment of other pollutants to solids due to adsorption. 
Adsorption is the adhesion of other substances to a particulate surface. The 
substances adsorbed to the surface is called adsorbate, and the surface on which the 
adsorbate is adsorbed to is called adsorbent (Stumm 1992; Weber and Smith 1988). 
Due to this, suspended solids are often considered as a surrogate to estimate other 
pollutants in stormwater quality studies (Akan and Houghtalen 2003). 
The size range of the suspended solids varies depending on the turbulence created by 
the raindrops. Depending on their size, suspended solids can be deposited at a point 
in their transport path when the flow velocity decreases. Relatively larger and denser 
particles have high possibility to settle in the receiving water bodies. However, fine 
particulates may stay in suspension for long periods. Andral et al. (1999) noted that 
fine particles which are less than 100 µm remains in suspension for a longer period 
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of time whilst coarse particles which are greater than 100 µm will settle rapidly. 
They further noted that treatment of the finer fraction will remove 90% of the solids 
which have a high potential to reach receiving waters.  
Fine particulates not only increase pollutant transport capability but also adsorb a 
higher amount of other pollutants. Therefore, pollutants which are attached to the 
fine particulates have a greater impact on water quality. A number of researchers 
have shown that fine particulates are more efficient in the adsorption of pollutants 
due to their physic-chemical characteristics. Due to the larger surface area compared 
to their mass and the presence of electrostatic charges on the surface, fine 
particulates easily adsorb a higher amount of other pollutants such as nutrients, 
heavy metals and hydrocarbons (Andral et al. 1999; Dong et al. 1983; Hoffman et al. 
1982; Roger et al. 1998; Sartor and Boyd 1972). For this reason, Sartor et al. (1972) 
noted a significantly high percentage of nutrients and organic material in the finer 
fraction less than 43 µm. They claimed that even though solids smaller than 43 µm 
fraction contain only 5.9% of the total solids by mass, they account for a high 
percentage of nutrients, hydrocarbons and pesticides. Furthermore, Sartor and Boyd 
(1972) reported that over 50% of metals were found sorbed to solids smaller than 43 
µm for the road surfaces they investigated in residential, commercial and industrial 
land uses in USA.  
In addition to their role in the adsorption and transportation of other pollutants, 
suspended solids are also responsible for the turbidity in a water column (Hoffman et 
al. 1982; Sartor et al. 1974; Shinya et al. 2000). In terms of ecological impact, an 
increase in suspended solids which causes turbidity, may increase surface water 
temperature and constrain photosynthesis due to a reduction in light penetration 
through water. In the long term, suspended solids may lead to clogging of 
stormwater treatment facilities and cause malfunction of hydraulic devices.  
The nature and volume of suspended solids generated from a catchment are 
influenced by catchment characteristics and land use practices (Liu 2001; Stein et al. 
2008). Suspended solids concentration in stormwater runoff from roads has been 
consistently reported to be higher than from roofs (Brodie 2007; Duncan 1999; Pitt 
and McLean 1986; Gromaire-Mertz et al. 1999). This is due to vehicular traffic and 
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the lower elevation of road surfaces (Brodie 2007; Duncan 1999). Duncan (1999) 
conducted a wide ranging review of published research literature and found that the 
concentration of total suspended solids (TSS) in stormwater  runoff from roofs range 
from 13 to 36 mg/L, while from roads could be up to 257 mg/L. 
2.3.2 Nutrients 
Nutrients are chemical compounds such as nitrogen, phosphorus, carbon, calcium, 
potassium, iron and manganese. From a water quality perspective, nutrients that play 
the most critical role in environmental degradation are nitrogen and phosphorous 
compounds (Ballo et al. 2009)(Carpenter et al. 1998; Wit and Bendoricchio et al. 
2001; Taylor et al. 2005; Ballo et al. 2009). These two nutrients are primarily 
derived from poorly maintained sewage infrastructure, organic wastes, fertiliser, 
vegetation debris, vehicle exhausts, fuel combustion, soil erosion and ash from 
bushfires (Goonetilleke and Thomas 2003; Wong  et al. 2000; Victorian Stormwater 
Committee 1999).  
In stormwater, nitrogen exists as particulates or in dissolved form. However, it is 
mostly available in dissolved form. Taylor et al. (2005) conducted a study to 
characterise the composition of nitrogen in urban stormwater from fourteen different 
urban catchments in Melbourne, Australia. They found that nitrogen was 
predominantly dissolved (80%) with ammonia being the least-abundant form 
(~11%). Nitrogen can also be available in stormwater as inorganic and organic 
nitrogen. The most important forms of inorganic nitrogen in terms of their immediate 
impact on water quality are the readily available ammonia ion (NH4+ and NH3), 
nitrite (NO2-) and nitrate (NO3-) (US EPA 1999). Total Kjeldahl Nitrogen (TKN) 
comprises of organic form of nitrogen. Total Nitrogen (TN) is typically considered 
as the sum of all these forms of nitrogen. Even though nitrogen is available in 
surface runoff in both particulate and dissolved form, as nitrogen compounds are 
highly soluble in water, they are transported primarily in dissolved form (Wong  et 
al. 2000; Vaze and Chiew 2004). 
Phosphorus occurs in stormwater mostly as part of phosphate molecule (PO4), which 
consists of orthophosphates, condensed phosphates and organically bound 
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phosphates (APHA 2005). Phosphorus in stormwater can exist in organic or 
inorganic form. Organic phosphate consists of a phosphate molecule associated with 
a carbon-based molecule, as in plant or animal tissue. Phosphate that is not 
associated with organic material is inorganic phosphorus which is the form required 
by plants (US EPA 2000b). Phosphorus can be available in particulate or dissolved 
fraction (Gilbert 2008; Vadas et al. 2005).  As phosphorus has an ability to adsorb to 
particles and organic matter, it is mainly transported in stormwater runoff as attached 
to solids (Quinton et al. 2001; Uusitalo et al. 2000; Zhao et al. 2007). Phosphorus 
associated with fine grained particulate matter also exists in the atmosphere and the 
sorbed phosphorus can enter surface runoff by rainfall and atmospheric deposition 
on the catchment surfaces (US EPA 1999). Relatively rapid removal of particulate 
bound nitrogen and phosphorus in receiving waters can occur due to sedimentation 
while dissolved forms pose the most immediate risk in terms of water quality.  
Nutrient compounds are essentially required for plant growth. However, excessive 
amount of nutrients in waterways promotes eutrophication, which threatens the 
health of aquatic habitats by rapidly accelerating the growth of aquatic plants such as 
algae and phytoplankton (Vieira et al. 1998; Hilton et al. 2006; Leaf and Chatterjee 
1999). Excessive growth of aquatic plants particularly algal blooms reduces light 
penetration through the water, which in turn constrains photosynthesis. Excessive 
plant growth also decreases dissolved oxygen (DO) in the water column due to 
microbial degradation on the death and decay of the plants, thereby killing other 
aquatic biota (Lewitus et al. 2008; Paerl et al. 1998). 
2.3.3 Organic Carbon 
Surface water including stormwater runoff generally contains organic matter which 
can be termed as organic carbon. Organic carbon is typically categorised as total 
organic carbon (TOC) and dissolved organic carbon (DOC). TOC is defined as the 
amount of carbon bound in organic compounds. TOC is the summation of DOC and 
particulate organic carbon (POC). The concentration of POC is affected by 
fluctuations in suspended solids, while DOC does not correlate with suspended 
solids and is mobile in aquatic environments.  
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Organic carbon typically originates directly from plant litter and soil erosion or 
indirectly from decaying vegetation, atmospheric deposition, and also from many 
waste materials and effluent such as overflows and septic tank leaks, animal and bird 
faeces, and spillage from vehicles transporting organic materials or illegal discharges 
(Victorian Stormwater Committee 1999; Chapman et al. 1992). TOC in water can be 
used as an indicator of the degree of pollution. According to Chapman et al. (1992), 
TOC concentrations in surface waters are generally less than 10 mg/L and in 
stormwater are less than 40 mg/L (EPA Ireland 2012). However, it may exceed 100 
mg/L if the water receives municipal or industrial wastes.   
The breakdown of organic carbon consumes oxygen via the processes of chemical 
oxidation and biodegradation. Therefore, organic carbon mobilised by stormwater 
will contribute to the Chemical Oxygen Demand (COD) and the Biochemical 
Oxygen Demand (BOD) and hence reduce the amount of Dissolved Oxygen (DO) in 
receiving water (Lawrence and Breen 2006). The depletion of DO in a water body 
can kill aquatic organisms such as fish and invertebrates, which depend on oxygen 
for their respiration.  
Furthermore, the presence of DOC in stormwater leads to solubility enhancement, 
which impacts on the distribution of heavy metals and hydrocarbons between 
aqueous and sediment bound phases in receiving waters.  Through solubility 
enhancement, the solids sorbed amount in stormwater reduces to become dissolved, 
thereby increasing the soluble fraction (Warren et al. 2003). In addition, organic 
carbon adsorbed on the suspended solid particles can increase their adsorption 
capability when combining with the absorption of hydrocarbons and heavy metals  
(Parks and Baker 1997). 
2.3.4 Heavy Metals 
Significant amounts of various heavy metals can be found in urban stormwater 
runoff. Common heavy metals in stormwater reported by researchers include Lead 
(Pb), Copper (Cu), Cadmium (Cd), Zinc (Zn), Nickel (Ni), Chromium (Cr), 
Aluminium (Al) and Manganese (Mn) (Davis et al. 2001; Hoffman et al. 1985; 
Westerlund and Viklander 2006; Revitt et al. 1990; Herngren et al. 2006). Heavy 
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metals are present in both dissolved and particulate bound phases in stormwater 
runoff (Sansalone and Buchberger 1997). Sansalone et al. (1996) found that Cd, Cu, 
Ni and Zn in runoff from urban roads are mainly in dissolved form, while the 
majority of Al and Fe is bound to particulates, and Cr and Pb are about equal 
between dissolved and particulate forms. 
Heavy metal concentrations in stormwater are typically high in industrial and 
commercial land uses (Sartor and Boyd 1972). In addition to industrial, other 
anthropogenic and natural processes such as vehicle wear and emissions, fuel 
leakage, weathering of buildings/structures, corrosion of metal surfaces contribute 
significant amount of heavy metals to urban stormwater (Sansalone and Buchberger 
1997; Viklander 1998; Walker et al. 1999). 
Salsalone and Buchberger (1997) reported the presence of high fraction of heavy 
metals in stormwater runoff as attached to particles due to adsorption processes. 
There is a close relationship between heavy metal concentrations and suspended 
solids (Herngren et al. 2005; Revitt et al. 1990; Sansalone and Buchberger 1997). It 
has also been reported that adsorbed heavy metal concentrations increase with 
decreasing particle size of suspended solids (Andral et al. 1999; Roger et al. 1998; 
Sartor and Boyd 1972). 
Due to the toxicity and non-degradable quality, heavy metals are considered as a 
critical pollutant. Heavy metals are of concern in relation to human health due to 
their toxicity and potential for causing harmful effects even at low concentrations. 
Specifically, exposure to heavy metals adversely affects red blood cells, the nervous 
system, and causes various cancers and kidney damage. Furthermore, heavy metals 
can easily bio-accumulate in plants, animals and humans, leading to metabolic 
poisoning when the threshold concentration levels are reached (Bowring 2005; 
Tüzen et al. 1998; Devi 1995).  
2.3.5 Hydrocarbons 
Urban stormwater contains a range of hydrocarbon compounds such as oils, phenols, 
and grease originating from both natural and anthropogenic sources (Ball et al. 2000; 
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Bomboi and Hernández 1991; Fam et al. 1987; Van Metre et al. 2000). However, 
natural sources have been shown to be only a minor contributor of hydrocarbons to 
urban runoff (Stenstrom et al. 1984), while it is the anthropogenic sources which are 
of concern (Fam et al. 1987). Hydrocarbons are generally found on road surfaces, 
vehicle service stations and parking lots due to fuel and lubrication leaks from poor 
vehicle maintenance and vehicle emissions (Hoffman et al. 1984; Brown and Peake 
2006). As vehicle emissions are the major contributor of hydrocarbons, the high 
level of hydrocarbons in urban runoff is primarily attributed to the increase in traffic 
activities (Van Metre et al. 2000). Due to this, stormwater runoff from road surfaces 
has been reported to contain a greater hydrocarbon load compared to stormwater 
runoff from roof surfaces (Gobel et al. 2006). Manufacturing industries, power plants 
and petrochemical plants also release hydrocarbons where fossil fuel usage forms a 
key requirement (Gobel et al. 2006; Walker et al. 1999). Asphalt particles have also 
been recognised as a significant source of hydrocarbons in urban runoff (Hoffman et 
al. 1984). 
According to Ball et al. (2000), hydrocarbons in stormwater runoff show a strong 
affinity to suspended solids. Confirming this, Ellis et al. (1997) found that 70-75% of 
the total hydrocarbons present in stormwater are associated with solids. Additionally, 
past researchers have also noted that significant quantities of hydrocarbons in 
stormwater runoff are associated with fine particles (Rogge et al. 1993; Ellis et al. 
1997; Herngren et al. 2005). 
Due to their carcinogenic and mutagenic properties, hydrocarbons may affect a 
variety of biological processes and are toxic to the environment (Berko 1999). 
Therefore, hydrocarbons are a major concern in relation to stormwater quality and 
ecosystem health. 
2.3.6 Acidity and Alkalinity 
The acidity and alkalinity is a reliable indicator of the quality of the water. Water 
with moderate amounts of acidity or alkalinity can be consumed without adverse 
health effects. However, high levels of acidity or alkalinity in water can indicate the 
presence of chemical pollutants which may be harmful to aquatic habitat and human 
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body. The acidity and alkalinity are determined by measuring its pH value, and many 
reactions which occur in water are pH dependent. On the other hand, biological and 
chemical processes which occur in water tend to influence acidity or alkalinity of 
water (Boyd 2000). Due to this, pH is a very important water quality parameter. 
pH is a dimensionless number that indicates the strength of acidity or alkalinity of a 
base solution. The pH scale ranges from 0 to 14 with the middle range of pH=7 
representing a neutral solution, which is the equilibrium condition of the hydrogen 
ion (H+) concentration and hydroxyl ion (OH-) concentration. When the hydrogen 
ion concentration is greater than the hydroxyl ion concentration in an aqueous 
solution, the pH value decrease below 7 and the solution is termed as acidic. 
Conversely, if the hydroxyl ion is greater than the hydrogen ion, the pH value 
increase above 7 and the solution is termed as alkaline (Boyd 2000; Nathanson 
2003). Acidity or alkalinity of the base solution can be characterised as strong or 
weak, depending on the pH value. 
Acidity or alkalinity can occur naturally. Carbon dioxide from the atmosphere or 
from respiration of aquatic organism causes acidity when dissolved in water by 
forming carbonic acid (H2CO3). On the other hand, dissolved carbonate ions (CO32-) 
or bicarbonate ions (HCO3-) of sodium, calcium, or magnesium produced by the 
contact between the water and minerals in the soil cause natural alkalinity 
(Nathanson 2003). Anthropogenic activities can cause acidity or alkalinity. One of 
the common problems caused by anthropogenic activities is acid rain resulting from 
the mixture of chemicals mainly created by the burning of fossil fuels combining 
with moisture in the atmosphere forming low pH precipitation and falling to the 
ground as rain, snow or hail (Likens et al. 1979; Moiseenko 2011). 
2.4 Urban Stormwater Pollution Processes 
Stormwater pollution is a resultant of a combination of processes. Pollutants 
generated in urban environments can accumulate directly on urban catchment 
surfaces or in the atmosphere depending on their state. Atmospheric pollutants are 
typically contributed by emissions and combustion and can be in the form of solid, 
liquid and gaseous substances. These substances will eventually deposit on ground 
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surfaces through dry and wet deposition, and then accumulate during dry periods 
between rainfall events. Accumulation of pollutants on catchment surfaces is 
typically known as the ‘build-up’ process. Pollutant ‘wash-off’ is the process of 
removing the accumulated pollutants from the catchment surfaces by stormwater 
runoff during rainfall events (Vaze and Chiew 2002). Characteristics of pollutant 
build-up and wash-off that undergo on catchment impervious surfaces can have 
significant influence on the treatment performances of bioretention basins and 
constructed wetlands. This highlights the need for a critical review of literature 
relating build-up and wash-off for this project.  
2.4.1 Pollutant Build-up 
Pollutant built-up is the process by which atmospheric pollutants are deposited and 
accumulated on the land surfaces during dry periods. Build-up is a dynamic process 
where net build-up is influenced by pollutant deposition and removal at any given 
time (Duncan 1995). Researchers have recognised that pollutant build-up process, 
load, pollutant types and distribution on urban catchment surfaces are significantly 
influenced by the following primary factors: 
• Climate  
• Land use 
• Population density 
• Landscaping 
• Traffic characteristics 
• Antecedent dry period 
• Street cleaning practices 
• Pavement material and condition 
(Bradford 1977; Pitt 1979; Sartor and Boyd 1972; Brodie 2007; Deletic and 
Maksimovic 1998; Vaze and Chiew 2002).  
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Pollutant build-up in different land uses has been studied widely (for example (Ball 
et al. 1998; Deletic and Orr 2005; Novotny et al. 1985; Sartor and Boyd 1972). Land 
use related differences in anthropogenic activities and pollutant sources are the major 
reasons for pollutant loads and pollutant types to vary (Bian and Zhu 2008; 
Goonetilleke et al. 2005; Sartor and Boyd 1972). Furthermore, pollutant distribution 
and concentration can vary considerably, even in similar land uses (Gobel et al. 
2006). This is due to differences in population density, building density and 
anthropogenic activities in the area. Researchers have also reported that road 
surfaces have a high pollutant build-up load compared to other impervious surfaces 
in urban areas (Ball et al. 1998; Brodie 2007; Brodie and Porter 2006). However, 
according to Sartor and Boyd (1972), the road surface pollutants are not uniformly 
distributed across the surface. It was found that 95% of pollutants are accumulated 
closer to the kerb and lie in the first one meter strip of the road. They further noted 
that vehicle-induced wind turbulence tends to blow particles towards the kerb line. 
This observation was confirmed by Deletic and Orr (2005) who reported that 66% of 
total road pollutant load lies within a 0.5 m strip next to the kerb. However, 
substances such as oil, grease and lubricants spilled on the surface are concentrated 
along the centre of the traffic lane. 
A range of researchers have reported that pollutant build-up is affected by the 
antecedent dry period (Vaze and Chiew 2002; Zafra et al. 2008a), as the process 
mainly occurs during dry weather conditions (Duncan 1995). Sartor and Boyd 
(1972) noted that the rate of pollutant build-up is high for several days immediately 
after road sweeping or a rainfall event. The accumulation rate then reduces and 
reaches a dynamic equilibrium in which no significant built-up occurs. It was found 
that wind and vehicular induced turbulence re-distributes material to be re-deposited 
in other areas, re-entrained into the atmosphere or trapped by vegetation (Ball et al. 
1998; Duncan 1995; Novotny et al. 1985; Pitt 1979). 
Pollutant build-up on road surfaces is important since road surfaces and other traffic 
related surfaces such as driveways and car parks are the major source of pollutants in 
the urban environment. Impervious areas in urban catchments can consist of up to 
70% of transport related surfaces (Wong  et al. 2000). Therefore, a significant 
proportion of urban stormwater pollutants in build-up is in relation to vehicular or 
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traffic activities. Researchers have noted that pollutant accumulation on road 
surfaces can be replicated mathematically using a decreasing rate increasing 
function. For instance, Shaheen (1975) has developed a mathematical equation to 
represent pollutant build-up rate on an urban catchment as given by Equation 2.1. 
 

 =	 − 
 Equation 2.1 
Where Mb = Amount of pollutant per unit area of the catchment surface (km/m2) 
 k0 = Constant rate of pollutant deposition (kg/m2.h) 
 kb = Constant pollutant removal rate (h-1) 
 b = Elapsed time (h)  
2.4.2 Pollutant Wash-off 
Pollutant wash-off is the process by which the accumulated pollutants during the 
preceding dry period are removed from catchment surfaces during rain events. Bujon 
et al. (1992) have stated that pollutant wash-off incorporates two phenomena. Firstly, 
rainfall wets the ground surface and begins to dissolve soluble pollutants. The impact 
of raindrops and the turbulence provided by the horizontal sheet flow promote the 
soluble fraction to dissolve. Secondly, the impact of raindrops dislodges the 
particulate matter and the horizontal sheet flow provides necessary turbulence to 
keep them in suspension. Surface runoff then mobilise both dissolved and particulate 
pollutants to the receiving water. Depending on the flow velocity, the particulates are 
transported either in suspended form or roll along the bed (Overton and Meadows 
1996). 
According to Pitt et al. (2004), pollutant wash-off process is affected by the 
availability of pollutants, the energy of the rain drops to loosen the particles and the 
capacity of the runoff to transport the loosened particles. The energy of the raindrops 
depends on rainfall intensity and duration, while the capacity of the runoff depends 
on runoff rate and volume which could again relate back to rainfall intensity and 
duration (Egodawatta et al. 2007; Vaze and Chiew 2002). Therefore, increase in 
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rainfall intensity and duration results in high pollutants wash-off from catchment 
surfaces (Sartor and Boyd 1972). 
In general, storm events only wash-off a fraction of the build-up pollutants from 
catchment surfaces. An experimental study by Vaze  and Chiew (2002) reported only 
35% wash-off compared to build-up pollutant load after a significant rainfall event of 
39.4 mm. Based on field measurements, they proposed two possible pollutant wash-
off concepts as illustrated in Figure 2.1.  
 
Figure 2.1 – Hypothetical representation of surface pollutant load over time 
(Adapted from Vaze and Chiew 2002) 
The concepts are termed as ‘source limiting’ (Figure 2.1a) and ‘transport limiting’ 
(Figure 2.1b). Source limiting concept states that the surface pollutant loads are 
built-up from zero over the antecedent dry days and then all the accumulated 
pollutants are washed-off during a storm event. On the other hand, in the transport 
limiting process, storm events remove only a fraction of the pollutant loads and 
build-up occurs relatively quickly to return the pollutant load to the level before the 
storm. 
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2.5 Urban Stormwater Modelling 
Stormwater quantity and quality modelling have been extremely useful in designing 
stormwater management strategies. This is due to the capability of modelling 
approaches in simulating detailed runoff and stormwater quality responses from 
catchments. Therefore, a critical review of stormwater modelling approaches is 
important for this study. A model is a structured procedure to analyse a problem and 
can vary from simple spread sheets to more complex computer-based techniques. 
Through a model, users can examine outcomes under varied conditions by changing 
the input. Recently, models have become a very important tool in urban stormwater 
management due to the complexity of the stormwater systems (McAlister et al. 
2006). 
Stormwater quality model requires water quantity inputs. This is because pollutant 
concentrations and load cannot be estimated without initially estimating the flow. 
Therefore, the basic structure of a stormwater quality model consists of two parts; a 
rainfall-runoff model and pollutant transport model. Rainfall-runoff model simulates 
the generation of surface and sub-surface runoff from excess precipitation. Pollutant 
transport model simulates the movement of pollutants through the stormwater 
infrastructure, such as the urban drainage system and storages (Zoppou 2001). 
Furthermore, procedures to analyse stormwater quantity and quality are often 
complementary due to the stormwater management measures which operate for both 
water quantity and water quality treatment. For example, a retarding basin reduces 
peak flow and traps sediments (Zoppou 2001).  The links between these processes 
are illustrated in Figure 2.2.  
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Figure 2.2 – Processes incorporated in a typical stormwater model  
(Adapted from Zoppou 2001) 
 
A range of stormwater quality modelling approaches is available. McAlister et al. 
(2006) classified stormwater quality models based on a number of criteria as 
explained below: 
Event based or continuous models.  
Event based models simulate a single rainfall-runoff event to produce a hydrograph 
or pollutograph, while continuous models simulate a series of rainfall-runoff events. 
Continuous models continuously account for the water balance. Therefore, the 
models also simulate the antecedent conditions. 
Empirical, conceptual or physical models 
Empirical models use simple mathematical equations which are derived from 
observations or experimental data fitted by statistical analysis. This is not necessarily 
supported by any established physical law to directly relate runoff quantity and 
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quality to factors such as rainfall intensity and depth, and land use. Conceptual 
models use mathematical equations supported by relevant theories or laws to 
represent conceptualised systems rather than the real flow scenarios. Physical models 
utilise fundamental equations to represent physical parameters which can be 
measured in the field (Chen and Adams 2007). 
Spatially-lumped or distributed models 
Spatially-lumped models use only a single set of input parameters to represent 
characteristics of an area assumed to be homogenous. Distributed models divide the 
catchment into a number of sub-catchments, regions or even into very small grid 
areas where differences in influential characteristics can be appropriately accounted.  
Deterministic and stochastic models 
Deterministic models use single fixed estimation when transforming input 
parameters into output; thereby the same inputs always produce identical output 
values. In stochastic models, randomness is present and variable states are described 
by probability distribution (McAlister et al. 2006).  
2.5.1 Urban Hydrologic and Hydraulic Modelling 
Stormwater quantity models generally consider hydrologic and hydraulic processes 
of urban stormwater systems such as interception, infiltration, depression storage, 
overland flow, and gutter and pipe flow. A hydrologic model comprises of two parts. 
The first part is runoff generation which converts rainfall into surface runoff after 
allowing for losses. The second part is the runoff routing which simulates the 
transport of surface runoff over the catchment surfaces to the outlet. Hydraulic 
modelling mainly consists of flow modelling in pipes and channels. 
From recent years most stormwater management systems utilise retention/detention 
systems such as wetlands and ponds which require more advanced runoff routing 
procedures that can produce hydrographs. Through computer modelling, complex 
rainfall temporal patterns for various heterogeneous catchments can be simulated to 
produce runoff hydrographs. The mathematical procedure used for this type of 
modelling can be classified as loss model and routing model. 
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The loss model represents the rainfall and runoff processes for precipitation that does 
not appear as direct runoff. The loss model enables the estimation of the rainfall 
excess as the portion of water available for runoff that is not lost. The losses can be 
modelled by different loss components such as depression storage, infiltration and 
evaporation. Depression storage is a volume that must be filled before runoff occurs, 
and can be considered as initial loss. Typical values of initial loss are 0 to 2 mm for 
impervious areas and 2 to 10 mm for pervious areas (O’Loughlin 1993). Infiltration 
loss is commonly determined by using the Horton equation, Green-Ampt model, 
Phillip equation, and Soil Conservation Service (SCS) runoff equation (Dayaratne 
2000). Evaporation is relatively unimportant for modelling of individual storm 
events. However, for long-term analysis which requires water balance analysis such 
as long-term simulation of stormwater wetlands, evaporation is an important 
parameter (Bedient and Huber 1992). 
A runoff routing model transforms the rainfall excess as overland flow into a runoff 
hydrograph. The model computes the rainfall excess first and then this excess is 
routed over the catchment surface to the stormwater pits. Egodawatta (2007) has 
summarised four main types of routing models; Unit hydrograph models, Kinematic 
wave routing models, artificial storage routing models, and time area routing models. 
Commonly used hydraulic models for pipe and channel flow include unsteady flow 
models, steady flow models, time-lag method, and flow through storage models. 
Saint Venant equation and Kinematic wave equation are the models most commonly 
used for unsteady flow, while Manning’s equation is widely used for steady flow. 
Time-lag method computes the time taken for the maximum discharge to travel 
through a pipe or channel from upstream to downstream. In most urban drainage 
models, Puls and Muskingum routing methods are used for flow through storages. 
The methods are based on continuity equation to relate outflow rates from storage 
and the water level in the storage (Dayaratne 2000). 
2.5.2 Urban Stormwater Quality Modelling 
Recently, stormwater quality modelling has been increasingly used as an estimation 
tool for understanding urban pollutant impacts on stormwater runoff quality. Water 
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quality models have been developed to estimate both long-term and short-term 
pollutant impacts on receiving waters. Long-term models refer to lumped time based 
models which are based on a general pollutant export equation, while short-term 
models are continuous time based models which are more complex in estimating 
pollutant concentration in short time steps (Egodawatta 2007).  
Different types of urban stormwater quality models have been developed. The 
models have various degrees of complexity based on different modelling approaches. 
The criteria that categorises stormwater quality models into empirical models, 
conceptual models and physical models have been discussed in Section 2.4. AEAM, 
CMSS and MUSIC are categorised as empirical models (Letcher et al. 2002). 
Conceptual models are generally more complex than empirical models and models in 
this category include AGNPS, AQUALM, EMSS, HSPF, IQQM, and LASCAM 
(Donnelly et al. 1999). Physical models are the most complex models which provide 
detailed representation of the pollutant transport processes and the most well-known 
models in this category are SWMM, MIKE suite of models and SWRRB (Letcher et 
al. 2002). 
2.6 Conclusions 
The primary pollutants found in stormwater runoff are suspended solids, nutrients, 
organic carbon, heavy metals, and hydrocarbons. The selection of water quality 
parameters from these primary pollutants to include in this research study was based 
on their role in the degradation of receiving water quality. Following pollutant 
species were selected for this study based on justifications outlined. 
Suspended solids are closely associated with other pollutants such as nutrients, 
hydrocarbons and heavy metals due to the capability of suspended solids to adsorb 
such pollutants. Therefore, suspended solids are often considered as a surrogate to 
estimate other pollutants in stormwater. Suspended solids act as a mobile substrate 
which can transport other pollutants attached in their surfaces. In addition to the 
adsorption and transportation of other pollutants, high concentration of suspended 
solid also causes turbidity which increases water temperature and constrain 
photosynthesis.  
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Nutrients are essential for plant growth. However, excessive amounts of nutrients in 
waterways can cause eutrophication and threaten the health of aquatic habitats by 
accelerating the growth of aquatic plants. Algal blooms which are one of the worst 
consequences of eutrophication can constrain photosynthesis due to the reduction of 
light penetration through the water body. The most important nutrients which reduce 
urban water quality are nitrogen (N) and phosphorus (P). Phosphorus is primarily 
transported in particulate form since it has a tendency to adsorb to suspended solids. 
On the other hand, as nitrogen compounds are highly soluble in water, they are 
transported primarily in dissolved form. The most important forms of nitrogen in 
terms of their immediate impact on water quality are ammonium (NH4+), nitrite 
(NO2-), and nitrate (NO3-). Total nitrogen (TN) is also an important water quality 
parameter which represents the sum of all forms of nitrogen. Phosphorus occurs in 
stormwater mostly as part of phosphate molecule (PO4). To include all other forms 
of phosphorus other than phosphate, measurement of total phosphorus (TP) in 
stormwater is important. 
Organic carbon in water bodies causes depletion of dissolved oxygen (DO) which is 
essential for respiration of aquatic organisms. Dissolved organic carbon (DOC) in 
stormwater may enhance the hydrocarbons and heavy metal availability due to 
solubility enhancement. Heavy metals and hydrocarbons are toxic compounds which 
is harmful to the health of all living organisms. Heavy metal concentrations in 
stormwater are commonly the highest in industrial areas and low in residential areas. 
Vehicle emissions are the major contributor of hydrocarbons. Therefore, the 
hydrocarbon load is correlated with road traffic activities. 
Literature review also revealed that pollutant build-up and wash-off are the two most 
important processes of pollutant availability and transportation by stormwater runoff. 
Pollutant build-up depends on factors such as antecedent dry period, wind speed, 
vehicular traffic activities, street sweeping, population density, land use, impervious 
area fraction, and surface pavement materials, while pollutant wash-off process is 
affected by the rainfall intensity and duration, and runoff rate and volume. Complete 
understanding of pollutant behaviour and processes are important in order to relate to 
the target pollutants and the approaches required for water quality treatment 
purposes.  
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Traditional urban stormwater management principles are primarily built on flood 
mitigation. In the past, little attention and resources have been allocated for 
mitigating the environmental impacts of urbanisation. Due to this, most traditional 
urban drainage systems have been developed with a high degree of conveyance 
capacity to minimise the risk of flooding. However, the growing public awareness of 
environmental issues in recent years has led to stormwater management with dual 
focus (Wong 2006). This is achieved by providing integrated management of water 
quantity and water quality with a range of supplementary objectives relating to 
amenity, landscape and aesthetics, water conservation and ecological restoration 
(Brown 2005; Victorian Stormwater Committee 1999; Wong 2006). Water Sensitive 
Urban Design (WSUD) is a philosophical approach to urban planning and design 
that aims to minimise the hydrological impacts of urban development on the 
surrounding environment (Lloyd et al. 2002). WSUD has been promoted and 
developed on the premise of integrating urban development with sustainability 
principles (Gardiner and Hardy 2005). Though, WSUD approach is based on 
stormwater quantity and quality management, the governing objective has been 
improving stormwater quality. WSUD approach offers an alternative to the 
traditional conveyance improvement approach to stormwater management by 
minimising the extent of directly connected impervious surfaces, mitigating the 
changes to the natural water balance and improving stormwater quality. 
This chapter provides a review of stormwater management strategies and the 
application of the WSUD concept in the Australian context to stormwater 
management through the implementation of Best Management Practices (BMPs) and 
Best Planning Practices (BPPs). The review is also focused on understanding the 
treatment characteristics of commonly used WSUD structural stormwater treatment 
devices. However, particular focus was given to constructed wetlands and 
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bioretention basins since these are the most common devices in Australia and hence 
the focuses of this research study. In this regard, the review was extended to 
understand their treatment characteristics relating to rainfall, hydrologic and 
hydraulic factors.  
3.2 Stormwater Management 
The water quantity aspect of stormwater management is relatively straight forward. 
The common approach is to use detention and retention systems to attenuate the 
runoff peak. However, this approach can also incorporate a water quality aspect 
through pollution removal and often provides a landscape amenity. A constructed 
wetland for example, not only reduces the runoff peak discharge, but also promotes 
pollutant reduction and provides a recreational area in an urban catchment. 
Implementation of a stormwater management strategy that delivers long-term 
success is referred to as Best Planning Practices (BPPs) or Best Management 
Practices (BMPs). BPPs involve site analysis, land capability assessment and land 
use planning when developing a stormwater management strategy (Lloyd et al. 
2002). A BMP is defined as the best practicable method for achieving water resource 
management objectives which can include non-structural or structural measures. The 
term “practicable” allows for simplicity and low cost considerations, without 
compromising the achievement of stormwater management objectives (WRC 1999). 
Non-structural BMPs include development policy, environmental considerations at 
project sites, education programs and law enforcement, while structural BMPs are 
stormwater treatment measures which are used to achieve the multi-objectives of 
stormwater management (Lloyd et al. 2002). 
Application of BPPs and BMPs are orientated to achieve the key goal of the 
stormwater management strategy, which is protecting and enhancing the values of 
receiving waters. Victorian Stormwater Committee (1999) categorises the values of 
receiving water to be protected and enhanced by BPPs and BMPs as follows: 
• Physical and ecological values of waterways (environmental values);  
• Amenity/landscape aesthetics;  
 Chapter 3: Water Sensitive Urban Design 29 
 
• Economic benefits; 
• Property and public safety protection from the risk of flooding; 
• Cultural heritage. 
3.3 WSUD Concepts 
BPPs and BMPs are complementary when used to achieve the WSUD objectives. 
WSUD is commonly used in the planning and design of urban environments that are 
‘sensitive’ to the issues of environmental protection and water sustainability. 
According to the Victorian Stormwater Committee (1999), the five key objectives of 
WSUD are as follows: 
1. The protection and enhancement of natural water systems such as creeks, 
rivers and wetlands within urban catchments. 
2. The integration of stormwater treatment into the landscape by incorporating 
multiple uses that provide a variety of benefits including water quality 
treatment, wildlife habitat, public open space and visual and recreational 
amenity for the community. 
3. Protection of the quality of water draining from urban catchments. 
4. Reduction of runoff volume and peak flows from urban development by 
using on-site detention measures and minimising impervious areas. 
5. Minimisation of the drainage infrastructure development cost. 
Achievement of the WSUD objectives above can be gained by implementing the 
integration of various Best Planning Practices (BPPs) and Best Management 
Practices (BMPs). The incorporation of BPPs and BMPs in Water Sensitive Urban 
Design is illustrated in Figure 3.1.  
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Figure 3.1 – Incorporation of BPPs and BMPs in WSUD  
(Adapted from Whelans et al. 1994) 
Combining BPPs and BMPs in WSUD requires both structural and non-structural 
elements that facilitate pollution prevention, conveyance, treatment, collection, 
storage and reuse of urban water.  
3.3.1 Non-structural WSUD Measures 
Non-structural stormwater WSUD measures are primarily pollution-prevention 
practices designed to prevent or minimise pollutants entering stormwater runoff. 
They typically exist in the form of government regulations, persuasion and economic 
instruments aiming changes in community behaviour (Taylor and Wong 2002). Non-
structural WSUD measures often complement the performance of structural WSUD 
measures which are installed or retrofitted within urban stormwater systems. 
Research studies undertaken in countries such as Australia, New Zealand, United 
States and Germany (Sieker and Klein 1998; Taylor and Wong 2002; Taylor et al. 
2007) have found a trend of increasing use of non-structural WSUD measures 
including education campaigns. They have also found that the combination of non-
structural and structural stormwater measures have proved to be the best solution in 
overcoming stormwater management problems. 
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CRC for Catchment Hydrology has categorised non-structural WSUD measures into 
the following five core groups (Taylor and Wong 2002): 
1. Town planning controls:  Controls that promote WSUD and BMPs on 
construction sites for new residential developments such as residential 
housing lots layout, road layout, street-scaping layout, and for new 
commercial/industrial areas such as green parking design and on-site 
detention for large areas. 
2. Strategic planning and institutional controls: Stormwater management plans 
through self-funding mechanisms for stormwater facilities, risk assessments, 
and knowledge improvement of government staff, consultants, developers 
and community. 
3. Pollution prevention procedures: Site-based non-structural measures such as 
erosion and sediment control procedures, dust and waste management control 
procedures, infrastructure maintenance operations such as street sweeping, 
stormwater measures maintenance and public facility maintenance, and waste 
management practices such as domestic waste and recycling collection, bin 
design and cleaning and hazardous household chemicals collection. 
4. Education and participation programs: Programs that promote stormwater 
awareness through training campaigns, technically focused stormwater 
education programs, and information on source control measures using 
printed material, displays and sign provision.  
5. Regulatory controls: Programs on strengthening the compliance on 
stormwater regulations and law enforcement in relation to stormwater 
pollution controls. 
3.3.2 Structural WSUD Measures 
Structural WSUD measures are stormwater treatment measures which prevent, 
convey and collect pollutants, promote pollutant treatment through physical, 
chemical and biological processes taking place, and detain or retain stormwater to 
improve water quality. They treat runoff by preventing pollutant generation and 
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movement, removing pollutants and protecting and enhancing the environmental, 
social and economic values of receiving waterways.  
Selection of appropriate treatment measures depends on site conditions, target 
pollutants and the catchment characteristics. The commonly used pollutant treatment 
measures are gross pollutant traps, sedimentation basins, grass swales, filter strips, 
infiltration systems, bioretention basins and stormwater wetlands. A treatment 
measure can be addressed towards the target pollutants found in stormwater runoff 
according to particle size. The performance of different treatment systems are closely 
linked to the particle size range of pollutants (Wong  et al. 2000). Inter-relationships 
between stormwater pollutants physical size, suitable treatment measures and 
appropriate hydraulic loading are presented in Figure 3.2. 
 
Figure 3.2 – Typical stormwater treatment measures, target pollutant size and 
hydraulic loading  
(Adapted from Wong 2000) 
Figure 3.2 shows that treatment measures which target coarse solids such as gross 
pollutant traps and sedimentation basins can operate under high hydraulic loading. 
However, as the target pollutants physical size reduces, the treatment processes 
change to include biological adsorption and transformation of the pollutants, and 
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these occur under low hydraulic loading which require larger land areas for treatment 
of flows (Wong 2006).  
WSUD treatment measures classified in Figure 3.2 are based on the particle size 
range of pollutants. Accordingly, Mouritz (2006) divides WSUD treatment measures 
into three different levels; primary, secondary and tertiary treatment. Primary 
treatment measures target litter, gross pollutants and coarse sediment. Treatment 
measures at this level are gross pollutant traps, trash racks, sediment traps and oil 
collectors. Secondary stormwater treatment measures which aim to remove 
sediments, particulate heavy metals and bacteria include vegetated buffer strips, 
grass swales, detention basins, bioretention filters, infiltration trenches and 
infiltration basins. Tertiary treatment measures are used to remove fine sediments, 
nutrients, bacteria and heavy metals. Stormwater wetlands belong to this treatment 
category (Victorian Stormwater Committee 1999). 
3.4 Common WSUD Structural Measures and Their Hydraulic and Water 
Quality Performance 
Commonly used WSUD structural measures are discussed further in this section. 
WSUD measures selected for discussion are gross pollutant traps, vegetated swales 
and bioretention basins, detention/retention basins, constructed wetlands, and 
infiltration systems.  
3.4.1 Gross Pollutant Traps 
Large pieces of urban debris get flushed from surfaces into the stormwater system 
during storm events. Debris items larger than 5 mm are defined as gross pollutants 
(Allison et al. 1997). Typically, gross pollutants which include urban-derived litter 
and vegetation debris, can look unpleasant, have odour, and be a threat to aquatic 
biodiversity. Due to their visibility, gross pollutants are generally the most noticeable 
water pollution indicator to the community (Wong  et al. 2000).  
A study by the Cooperative Research Centre (CRC) for Catchment Hydrology has 
noted that urban areas contribute about 20 to 40 kg (dry mass) per hectare per year of 
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gross pollutants to stormwater. The largest proportion of the total gross pollutant 
load (around three-quarter) was made up of organic material such as leaves, twigs 
and grass clippings. The study also found that the mobilisation rate of gross 
pollutants was highly correlated with rainfall and runoff discharge. Gross pollutant 
concentrations were highest during the early stages of runoff. However, most of the 
load was transported during times of high discharge (Allison et al. 1997).  
Gross pollutant traps (GPTs) are stormwater pre-treatment measures. They play an 
important role in reducing the amount of urban derived gross pollutants exported to 
receiving waters. They are also a very important part of the treatment train because 
they protect downstream stormwater treatment measures from clogging and 
malfunction. A number of different types of GPTs are used for stormwater treatment. 
Each GPT has different design specification with specific performance in trapping 
gross pollutants. Based on the way of GPTs operate, they can be classified into five 
types (Allison et al. 1997; Martens et al. 2007; Victorian Stormwater Committee 
1999). The first type is used at the entry point of the drainage system. This type of 
GPTs traps gross pollutants from a catchment when water enters the drainage 
system. Grated entrance screens, side entry pit traps (SEPTs) and baffled pits are 







Figure 3.3 – Grated entrance screen (a), side entry pit trap (b) and baffled pit (c)   
(Adapted from (a) and (c): Victorian Stormwater Committee 1999, (b): Allison et al.  1997) 
(a) 
(b) (c) 
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The second type of GPTs is in-line screens. These GPTs are placed in the drainage 
channel to trap the gross pollutants present in the stormwater runoff. The GPTs in 
this classification are litter control devices (LCDs), release nets, trash racks, boom 
diversion systems and return flow litter baskets (see Figure 3.4) (Allison et al. 1997; 
CSR Humes 1997; Ecosol 1997, 2007; Effluent). The main limitation of in-line 
screens is the tendency to block the drainage channel. Therefore, these GPTs require 













Figure 3.4 – In-line screen GPTs: Litter control device (LCD) (a), boom diversion 
system (b), release net (c), trash rack (d), and return flow litter basket (e)   
(Adapted from (a): Allison et al.  1997, (b): CSR Humes 1997, (c): Ecosol 2007, (d): Effluent nd, 
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Self-cleaning screen is another type of GPTs which improves the performance on in-
line screens. They work beyond the limitation of in-line screens as they operate with 
a self-cleaning system. Two self-cleaning designs, namely, Continuous deflective 
separation (CDS)  and downwardly inclined screen have been reported to work well 
(see Figure 3.5) (CDS Technologies 2005; Victorian Stormwater Committee 1999).  
 
Figure 3.5 – Self-cleaning screen: Continuous deflective separation (CDS) (a), and 
downwardly inclined screen (b)   
(Adapted from (a): CDS Technologies 1997, (b): Victorian Stormwater Committee 1997) 
Floating traps are the next type of GPTs which are specifically used to trap floating 
gross pollutants. Floating debris traps (FDTs) and flexible floating booms are the 
GPTs which fall into this classification (see Figure 3.6) (Allison et al. 1997; 
Victorian Stormwater Committee 1999).  
 
Figure 3.6 – Floating debris trap (FDT) (a), and flexible floating boom (b)   
(Adapted from (a): Allison et al. 1997, (b): Victorian Stormwater Committee 1997) 
(a) (b) 
(a) (b) 
 Chapter 3: Water Sensitive Urban Design 37 
 
Sediment traps is the fifth type of GPTs which are commonly used at the 
downstream end of the drainage channel. They remove the gross pollutants 
remaining in the stormwater and prevent them from entering the stormwater 
treatment facilities that follow. Several types of GPTs are used as sediment traps 
including sediment settling basins, circular settling tanks and hydrodynamic 
separator (see Figure 3.7) (Humes 2012; Hydro International 2009; Victorian 




Figure 3.7 – Sediment settling basin (a), circular settling tank Humeceptor (b), and 
hydrodynamic separator Storm King (c)   
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GPTs and their classification according to five operating types are presented in Table 
3.1. 
Table 3.1 – Gross Pollutant Traps (GPTs) and their classification  
(Adapted from Allison et al. 1997, Department of Water and Swan River Trust 2007 and 
Victorian Stormwater Committee 1999) 
 
Operating Types Gross Pollutant Traps 
1. Drainage entrance 
treatments 
Grated entrance screen and side entry pit trap 
(SEPT) 
2. In-line screens Litter control device (LCD), release net, trash rack, 
boom diversion system, and return flow litter 
basket. 
3. Self-cleaning screens Circular screen, downwardly inclined screen 
4. Floating traps Floating debris trap (FDT), flexible floating boom, 
and baffled pit 
5. Sediment traps Circular settling tank, sedimentation basin and 
pond, and continuous deflective separation (CDS) 
 
3.4.2 Vegetated Swales / Filter Strips / Bioretention Swales 
Vegetated Swales 
A vegetated swale is a broad, commonly parabolic or trapezoidal shallow channel 
with vegetation covering the side slope and bed. Vegetated swales are typically used 
in road medians, verges, car park areas, and parks and recreation areas where flow 
velocities are low, as alternative to kerb and gutter (see Figure 3.8) (Fiener and 
Auerswald 2005).  
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Figure 3.8 – Vegetated swales   
 (Adapted from SEQHWP 2006) 
Vegetated swales support the achievement of WSUD objectives by disconnecting 
impervious areas from downstream waterways. Swales are commonly designed with 
side slopes no steeper than 3:1, and with longitudinal slopes of between 1% and 4% 
in which they can generally operate best to convey stormwater and treat stormwater 
quality (SEQHWP 2006). For slopes steeper than 4%, check dams are constructed 
across the swale base at intervals along the invert of the swales (see Figure 3.9) to 
reduce flow velocities and to protect from erosion.  
 
Figure 3.9 – Vegetated swale with check dams  
(Adapted from DCR 1999) 
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Filter Strips 
Filter strips (or buffer strips) are open vegetated areas where runoff flows over while 
travelling to a discharge point. Runoff flowing across the filter strips is distributed as 
sheet flow. Therefore, filter strips typically require uniformly distributed flow or 
sheet flow that originates from roads or car parks, or otherwise require flow 
spreaders across the width of the strips to convert concentrated flow to sheet flow 
before entering the filter strips. Filter strips are typically provided as a pre-treatment 
for other WSUD measures such as detention/retention basins and wetlands. They are 
often provided to complement vegetated swales. Filter strips not only reduce 
sediment loads but also reduce runoff volume and discharge rate through infiltration 
and reduction in velocity (DCR 1999). An example of a filter strip installed on a side 
road is presented in Figure 3.10. 
 
Figure 3.10 – Filter strip located along Ledgebrook Lane in Southbury, South Australia 
(Adapted from Trinkaus Engineering 2008) 
Pollutant removal processes in Vegetated Swales and Filter Strips 
The water quality treatment processes which occur in filter strips and vegetated 
swales are relatively complex, and involve physical and biochemical processes. 
Pollutant removal through physical processes is achieved by settling, filtration and 
infiltration of the particulates or suspended solids, and consequently includes 
particle-bound pollutants such as phosphorus (Martens et al. 2007). Biochemical 
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processes occur in relation to certain pollutants, such as hydrocarbons which are 
digested or processed by vegetation and soil micro-organisms. Therefore, in order to 
optimise pollutant removal, adequate contact time between stormwater runoff and 
vegetation and soil surface is required (Victorian Stormwater Committee 1999). 
Furthermore, Clar et al. (2004b) noted that the removal of soluble pollutants in 
vegetated swales or filter strips depends on the infiltration rate, because removal 
occurs when pollutants infiltrate into the soil where they are subsequently taken up 
by vegetation roots. Other factors which influence pollutant removal performance of 
filter strips and vegetated swales are length, slope, soil permeability and vegetation 
height and density, area of catchment, particle sizes, pollutant concentration, settling 
velocity, runoff velocity, flow rate and contact time (Schueler 1987; Martens et al. 
2007; Clar et al. 2004b). 
Bioretention Swales 
Bioretention swales consist of excavated trenches which are filled with porous media 
(typically sandy loam) and planted with vegetation on the surface (see Figure 3.11). 
The bioretention component is typically located at the downstream end of a swale 
system or can be complemented as a continuous trench along the full length 
(Melbourne Water 2005). 
 
Figure 3.11 – Cross section of typical bioretention swale  
(Adapted from SEQHWP 2006) 
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Stormwater quality treatment processes in bioretention swales are operated in 
combination by the swale component and the bioretention basin. The swale 
component promotes pre-treatment of stormwater by removing coarse to medium 
sediments, whilst the bioretention basin removes finer particulates including 
associated pollutants through filtration, infiltration and biological uptake (Melbourne 
Water 2005). 
Pollutant Removal Processes in Bioretention Swales 
The particles transported through the grass/vegetation swale system are usually very 
small, mostly below 20 µm (Neibling and Alberts 1979 as cited in Deletic 2001). 
Therefore, it can be assumed that they are transported as fine suspended solids, 
because the coarser particles have been deposited before or when they just enter the 
system. It is understood by researchers that there is a positive correlation between 
pollutant removal (including TSS, TN and TP) and the width of the swale or buffer 
strip. The relationship indicates that there is an exponential decrease of pollutants 
along the width of the system (Clar et al. 2004b; Deletic 2005; Deletic and Fletcher 
2006). Physical pollutant removal processes within the swale systems have been 
observed and modelled by researchers such as Deletic (2001), Muñoz-Carpena et al. 
(1999), and Fiener and Auerswald (2005). However, these processes are complex 
and remain unclear. 
3.4.3 Detention/Retention Ponds/Basins 
Detention/retention ponds/basins (thereafter in this section will be referred to as 
‘retention basins’) are stormwater facilities that provide storage for stormwater 
runoff to be retained during storm events and then slowly released through a 
designed outlet. Retention basins can also allow infiltration of stormwater during the 
detention period. Therefore, retention basins provide downstream protection and 
flood control by attenuating peak flow and reducing runoff volume. 
The main mechanism of pollutant removal in retention basins is by physical settling 
of suspended solids, which includes particle-bound pollutants such as phosphorus, 
heavy metals and hydrocarbons (Martens et al. 2007). However, a better result in 
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improving stormwater quality is achieved when retention basins are combined with 
other WSUD measures, forming a treatment train. In combination with stormwater 
wetlands for instance will result in very fine and dissolved pollutants being removed 
by the wetland. Coarser sediments/solids on the other hand will be trapped and 
remain in the basin and accordingly the wetland will be protected from damage. 
Furthermore, retention basins can also provide aesthetic and recreational benefits as 
well as a water supply for irrigation or fire protection (Clar et al. 2004c). 
 
Figure 3.12 – A typical Retention Basin  
(Adapted from SEQHWP 2006) 
3.4.4 Infiltration Systems 
Infiltration systems capture stormwater runoff and promote infiltration into 
surrounding soils where the systems are installed. The primary focus of infiltration 
systems is on stormwater quantity for reducing stormwater runoff volumes and peak 
flows. However, they also contribute to stormwater quality improvement through 
filtration of stormwater into the subsurface soils. In areas with high groundwater 
elevation, to protect groundwater quality, appropriate pre-treatment of stormwater 
before entering the infiltration systems is required (SEQHWP 2006). The pre-
treatment measure can be a sedimentation basin, swale system or bioretention basin. 
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Stormwater pre-treatment measures can also help to avoid clogging of the infiltration 
system. A number of infiltration systems are widely used for urban stormwater 
control. Among them, leaky wells/soakwells, infiltration trenches and 
porous/modular pavements are selected to be discussed further in this section as 
these are the most commonly used in Australia (Martens et al. 2007; SEQHWP 
2006). 
Leaky Wells/ Soakwells 
Leaky wells or soakwells are the traditional stormwater source control measures 
which are widely used particularly in Western Australia, typically in small-scale 
residential and commercial areas, and as road side entry pits (Martens et al. 2007). A 
soakwell commonly consists of a concrete or PVC cylinder located vertically above 
a circular base (see Figure 3.13). Slots around the cylinder and a drainage hole on the 
base which are covered with geotextile promote the stormwater runoff stored in the 
soakwell to infiltrate into the surrounding soil (Browne et al. 2008). 
 
Figure 3.13 – Typical a leaky well/soakwell 
(Adapted from SEQHWP 2006) 
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Infiltration Trenches 
An infiltration trench is a shallow, typically 0.5 – 1.5 m deep, excavated trench filled 
with gravel or other coarse aggregate into which stormwater runoff drains. The 
trench is lined with geotextile fabric to prevent soil migration into the filled material, 
and may be covered with topsoil (see Figure 3.14). Infiltration trenches usually have 
an overflow pipe for large storm events. Infiltration trenches have a similar function 
to soakwells, which is to detain and infiltrate stormwater.  
 
Figure 3.14 – Typical infiltration trench 
(Adapted from Kengraphixguy 2010) 
Infiltration trenches promote pollutant removal by retaining particulates and 
dissolved pollutants when stormwater exfiltrates from the trench into the 
surrounding soil (Victorian Stormwater Committee 1999).  
Porous Pavement and Modular Pavement 
Porous pavements are pervious paved surfaces, typically laid on top of a highly 
porous aggregate or gravel base layer with a geotextile in-between. Porous 
pavements are suitable for areas with light traffic loads such as driveways and car 
parks. There are two broad groups of porous pavements; open-graded 
asphalt/concrete pavements with large porosities and modular pavements with large 
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gaps between impervious modules (Victorian Stormwater Committee 1999) (see 
Figure 3.15). 
 
Figure 3.15 – Typical Porous Pavement (a) and Modular Pavements (b) 
(Adapted from (a): Victorian Stormwater Committee 1999, and (b): Department of Water and 
Swan River Trust 2007) 
Porous pavements allow runoff to infiltrate through the pore spaces of the pavement 
or through the gaps between modules into the filled aggregate layer which provides 
temporary storage as the water gradually infiltrates into the subsoil. Porous 
pavements can remove sediments, nutrients, heavy metals and hydrocarbons from 
polluted stormwater via the processes of adsorption, filtration and biological 
decomposition. Field studies have also shown that porous pavements are effective at 
retaining dissolved metals (Dierkes et al. 2002 as cited in Department of Water and 
Swan River Trust 2007). 
3.4.5 Bioretention Basins 
Bioretention basins are WSUD devices that manage and treat stormwater runoff 
which operate by passing stormwater runoff through prescribed filter media with 
planted vegetation. Bioretention basins incorporate both vegetation and underlying 
filter media for removal of pollutants. The vegetation which covers the system 
surface enhances the filtration process as well as maintaining its porosity, while the 
filter media removes sediments and suspended solids when the stormwater passes 
through.    
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Unlike bioretention swales, bioretention basins are not required to convey 
stormwater runoff over the system surfaces, but the runoff is intended to infiltrate 
and percolate through the filter media. However, excessive ponding of water can 
flow into overflow pits. The surfaces of bioretention basins are horizontal. Therefore, 
they are not subjected to high velocities that can dislodge collected pollutants or 
scour vegetation on the surface. 
Bioretention media can consist of three layers. Below the filter media, a drainage 
layer is required to convey treated water from the base of the filter media to the 
perforated under-drain pipes. A drainage layer surrounds the perforated pipe. It can 
be either coarse sand (around 1 mm diameter) or fine gravel (2-5mm), and if fine 
gravel is used, it is required that a transition of sand be installed to prevent migration 
of the filter media into the drainage layer and then into the perforated pipes. The 
cross section of a typical bioretention basin is shown in Figure 3.16.  
 
Figure 3.16 – Cross section of a typical bioretention basin 
(Adapted from SEQHWP 2006) 
Water quantity reduction 
Bioretention basins provide water quantity treatment by reducing stormwater runoff 
volume through the replenishment of soil moisture deficit in the filter media and 
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attenuating runoff peak discharge through retention. Significant amounts of 
stormwater runoff can be reduced by bioretention basins. Plant transpiration is a 
major contributor to the recession of the soil moisture in the filter media. Different 
types of vegetation planted on a bioretention basin have different transpiration rates. 
Researchers have noted a significant reduction in bioretention outflow volume (Hunt 
2003; Hunt et al. 2006; Davis et al. 2006; Dietz and Clausen 2005). A number of 
field studies conducted using natural rain events such as by Lloyd et al. (2002) and 
Hunt et al. (2006) reported that bioretention basins have successfully reduced flow 
ranging by 50 to 100%.  Similarly, Parker et al. (2009) found that the runoff volume 
reduction for 20 rain events with a total rainfall of 328 mm was 55%. Runoff volume 
reductions by bioretention basins mainly depend on the moisture content of the filter 
media. Therefore, the reductions can vary during different seasons, from 46% in 
winter to 93% in summer (Hunt et al. 2006). 
Hydraulic efficiency of bioretention basins is not only enhanced through runoff 
volume reduction, but also by attenuating the runoff peak discharge through 
retention which can reduce runoff peak by 80 - 87% (Hatt et al. 2009; Parker et al. 
2009). Hatt et al. (2009) concluded that retention of water in bioretention basins is 
mostly influenced by inflow volumes. Therefore, bioretention basins are more 
effective in reducing peak runoff of small to medium storm events. This has been 
confirmed by Hunt et al. (2008) who investigated 16 storms with less than 42 mm of 
rainfall and found that peak outflow reduced by at least 96.5%, with a mean peak 
flow reduction of 99%. 
Water quality treatment  
Bioretention basins provide water quality treatment through filtration and extended 
detention in the filter media and biological uptake by vegetation. They also provide 
flow retardation and are particularly efficient at removing nutrients (Melbourne 
Water 2005). Researchers have found that bioretention basins are specifically very 
effective in removing TSS and heavy metals with load reduction efficiency above 
90% (Hunt et al. 2006; Hatt et al. 2008). This high load reduction efficiency is also 
caused by the significant reduction in outflow volume.  
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In terms of removing nutrients, Parker et al. (2009) reported a removal rate of 60% 
TP load and 43% TN load. However, NOx-N concentrations were found to be 
essentially unchanged by retention basins (Hunt et al. 2008; Parker et al. 2009). It 
has been reported in some previous studies that the removal of nitrogen species was 
poor and the outflow concentration was found to be higher than inflow concentration 
(Hatt et al. 2007; Henderson et al. 2007; Greenway 2008; Davis et al. 2006). Hatt et 
al. (2009) surmised that nitrogen compounds are difficult to remove through 
filtration because these are highly soluble. Furthermore, Hatt et al. (2008) have 
claimed that the elevated discharge of nutrients can be due to leaching of native 
material, rather than failure to remove incoming pollutants. Moreover, the 
accumulated nutrients retained in bioretention basin filter media from previous 
rainfall events and then being flushed or leached can be another possible reason for 
the increase in nitrogen concentration in the outflow. 
Most of the previous studies were conducted to measure long term pollutant 
removal. The pollutant removal efficiencies were calculated based on the 
consolidation of a number of storm events. Most of the previous studies were also 
simplified using synthetic stormwater runoff. Therefore, there is limited knowledge 
to relate the pollutant removal efficiency with other factors related to hydrological 
and hydraulic parameters associated with rainfall and catchment characteristics. 
Influence of hydraulic factors on bioretention basin treatment performance  
Studies have been conducted to evaluate the influence of a variety of factors in the 
pollutant removal efficiency of bioretention basins such as by Bratieres et al. (2008), 
Henderson et al. (2007), and Hatt et al. (2008). They evaluated the pollutant removal 
efficiencies of non-vegetated and vegetated bioretention basins with different plant 
species and with different textures of filter media. They found that vegetation is not 
only important to maintain hydraulic capacity and to prevent clogging, but also 
promotes the nitrogen removal process. Furthermore, Le Coustumer at al. (2009) 
emphasised that clogging which affects the hydraulic conductivity of the filter media 
would be the serious issue that gradually decreases the performance of a bioretention 
basin. In addition, Read et al. (2008) confirmed that even though total nitrogen 
concentration increased on average in the outflow from both vegetated and non-
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vegetated bioretention basins, nitrogen and phosphorus outflow concentrations were 
generally lower for vegetated than non-vegetated bioretention basins.  
Other than vegetation, hydraulic loading, detention time, hydraulic conductivity of 
the filter media and size ratio; the ratio of bioretention basin area to the catchment 
area were also reported to be the influential factors in bioretention basin treatment 
(Bratieres et al. 2008; Hatt et al. 2009; Hunt 2003). Volume of the runoff retained 
within the bioretention basin was also reported as an influential factor as it reduces 
the outflow volume that eventually also reduces pollutants outflow load (Hatt et al. 
2009). However, there is a lack of information of how stormwater retention affects 
the performance and its correlation to rainfall characteristics and other hydraulic 
factors. Similarly, there is insufficient information available on what is the optimal 
hydraulic loading which produces the best treatment performance. 
Pollutant removal models for bioretention basins 
The hydraulic and hydrodynamic factors involved in pollutant removal processes in 
bioretention basins are very important. This is due to the retention of significant 
amount of stormwater in bioretention basin filter media, which results in 
considerable pollutant load reduction in the outflow. Therefore, the hydraulic model 
to assess the transport of stormwater in a bioretention basin is an important part to 
complement the pollutant removal model. The hydraulic process in the bioretention 
basin filter media mainly takes place through infiltration. The infiltration model 
commonly used for bioretention basins in research literature is the Green-Ampt 
model (Grifoll and Cohen 1996; Hsu et al. 2002; Mishra et al. 2003; Weiler 2005; 
Yu 1999). This is because the soil media characteristics are incorporated in the 
model. The principle of Green-Ampt model is based on continuity and momentum 
(Chow et al. 1988).  
The water budget is important to define the distribution of stormwater in the 
bioretention basin. Hence, the water balance approach is required to replicate the 
mass balance of pollutants in the pollutant removal processes. The fate of pollutants 
in a bioretention basin has often been modelled using a simple convection-dispersion 
model based on Darcy's equation. Ogata and Bank's equation in the form of Equation 
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3.1 is often used to model the fate of pollutant in a bioretention basin (Lu and Molz 







 Equation 3.1 
Where: C  = Solute concentration 
 D = The dispersion coefficient 
 t = Time elapsed 
 ̅ = Average pore water velocity 
x = Distance 
However, the model is only suitable for a column based model as it can only 
replicate one-dimensional flow path of a pollutant. Furthermore, the model assumes 
that the media is homogenous. The model is inappropriate of simulating real-time 
system of water flow and pollutant transport processes as it is based on saturated 
conditions and uniform flow. To improve these limitations, a number of equations 
have been developed for each process of pollutant removal. However, most of the 
equations utilise empirical assumptions to accommodate other influential factors. 
3.4.6 Constructed Wetlands 
Constructed wetlands are artificial, shallow and extensively vegetated water bodies. 
Constructed wetlands are primarily created for stormwater pollutant removal, to 
improve landscape amenity and to ensure the availability of water for re-use as a 
supplementary benefit (Martens et al. 2007). A constructed wetland generally 
consists of an inlet zone, a macrophyte zone as the main area of the wetland, and a 
high flow bypass channel (see Figure 3.17).  
The inlet zone consists of a constructed sedimentation pond with a relatively deep 
open water body with edge and possibly submerged macrophytes. The pond is 
generally located upstream of the wetland, and commonly used as a pre-treatment 
device for coarse sediments and gross pollutants (Victorian Stormwater Committee 
1999; Martens et al. 2007). 




Figure 3.17 – Typical constructed wetland system  
(Adapted from Victorian Stormwater Committee 1999) 
The macrophyte zone is the main zone of the wetland system, comprising a shallow 
water body with extensive emergent vegetation. There are some specific zones of 
vegetation throughout the wetland, where each zone is generally determined by the 
water depth. Figure 3.17 shows that constructed wetlands contain four vegetation 
zones; zone of shallow marsh vegetation, marsh vegetation, deep marsh vegetation 
and submerged vegetation (Victorian Stormwater Committee 1999). A constructed 
wetland also has an open water zone which promotes ultra violet exposure. Runoff 
flows entering the macrophyte zone are controlled at the inlet zone using a bypass 
system. This is to protect the macrophyte zone. However, this also reduces the 
treatment effectiveness of the wetland (Melbourne Water 2005; SEQHWP 2006).  
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Water quantity enhancement 
Constructed wetlands promote runoff volume and peak flow reduction through 
infiltration, evaporation and retention. The hydrologic effectiveness in retaining 
stormwater is determined by the interaction between three factors; retention time, 
inflow characteristics and storage volume (Wong et al. 1999). Long retention in 
wetland system ensures significant reduction in runoff peak flow. However, due to 
saturated conditions of the wetland, less stormwater percolates into the soil. Parker et 
al. (2009) reported that a constructed stormwater wetland in South East Queensland, 
Australia reduced runoff volume by only about 5%. 
Water quality enhancement 
Constructed wetlands are termed as efficient stormwater quality treatment devices, 
particularly when stormwater contains high concentrations of dissolved pollutants 
which are difficult to be removed by other stormwater treatment devices (Bautista 
and Geiger 1993; Mitsch and Gosselink 1986; Scholz 2006). Pollutant removal in a 
constructed wetland is achieved by settling, vegetation uptake, adsorption, filtration 
and biological decomposition (Mitsch and Gosselink 1986; DCR 1999). It has been 
reported that wetland vegetation enhances water quality by encouraging 
sedimentation, filtering of nutrients and other pollutants through roots, stems and 
leaves and promoting the growth of biofilms, which assimilate dissolved nutrients 
(Dierberg et al. 2002; Ellis et al. 1994; Jenkins and Greenway 2005; Kohler et al. 
2004).  
Changing deep and shallow zones in wetlands, perpendicular to the stormwater flow, 
can transform and remove nitrogen through various chemical reactions. The shallow 
zones are generally well oxygenated and therefore promote mineralisation and 
nitrification. Mineralisation is the breakdown of organic nitrogen to ammonium and 
organic phosphorus to phosphate. These biological conversions are promoted mostly 
by bacteria (Mitsch and Gosselink 1986). Nitrification is the biological conversion of 
organic and inorganic nitrogen compounds from a reduced state to a more oxidised 
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state (Wetzel 1983). It is performed in two sequential stages; ammonium oxidation 
and nitrite oxidation. Ammonium oxidation is the conversion of ammonium to nitrite 
by bacteria, Nitrobacter sp., and the chemical reaction is presented in the form of 
Equation 3.2 (Davies and Hart 1990). 
 2NH4+ + 3O2  4H+ + 2H2O + 2NO2− Equation 3.2 
Nitrite oxidation is the conversion of nitrite to nitrate by bacteria, Nitrosomonas sp., 
and the chemical reaction is written in the form of Equation 3.3 (Davies and Hart 
1990). 
 2NO2− + O2  2NO3− Equation 3.3 
According to Patrick Jr. and Reddy (1976), nitrification occurs under strict aerobic 
condition. Therefore, it occurs in the shallow water zone of the wetland. 
When the water flows to the deeper zones, denitrification occurs, converting nitrate 
to gaseous nitrogen (Martens et al. 2007). This biochemical nitrogen cycle reaction 
(see Equation 3.4) reduces the oxidised nitrogen anions, nitrate and nitrite which are 
converted to nitric oxide (NO) and the end products of nitrous oxide (N2O) and 
nitrogen (N2). Unlike nitrification, denitrification is an anaerobic biochemical 
process. The end products, N2 and N2O are gases which are then released to the 
atmosphere (Wetzel 1983). 
 
 NO3− → 2NO2− → NO → N2O → N2  Equation 3.4 
 Phosphorus removal in a wetland takes place through sedimentation, adsorption, 
plant uptake, complexation and precipitation. However, according to Langergraber 
and Haberl (2011), plant uptake is not a suitable measure of the net removal rate in a 
wetland because most of the stored phosphorus is returned to the water by 
decomposition. 
Released to the atmosphere 
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Sim et al. (2008) reported that nutrient removal performance of Putrajaya Wetlands 
in Malaysia was 82.11% for TN, 70.73% for nitrate (NO-3), and 84.32% for 
phosphate (PO43−). However, the wetlands in that study are used to treat stormwater 
mainly from agricultural rather than urban land uses. Other studies have also 
reported significant nutrient removal by constructed wetlands including those 
conducted by Knight et al. (2000), and Reinelt and Horner (1995). Fletcher et al. 
(2003) in their literature review have concluded that constructed wetlands can 
achieve high pollutant load removal with annual efficiencies of up to 95% for litter, 
up to 95% for TSS, up to 80% for TN, up to 85% for TP, up to 95% for coarse 
sediment, and up to 95% for heavy metals. Additionally, Parker et al. (2009) 
reported that the monitored wetland in Coomera, Queensland, Australia reduced 
pollutant load by 87% for TSS, 51% for TN and 37% for TP, while the reduction in 
concentrations was 82% for TSS, 57% for TN and 52% for TP. However, Carleton et 
al. (2000) found inconsistency and high variability in the water quality improvement 
provided by wetlands. The removal efficiencies were dependent on wetland design, 
weather and seasons, pollutant loading rate and hydraulic retention time (Brydon et 
al. 2006; Gaul et al. 1999; Rousseau et al. 2008). 
While some research studies have reported the significant reduction of pollutants, 
Moustafa et al. (1996) reported the export of nitrogen from wetlands during high 
flow. It was found that the loading rate of nitrogen into constructed wetlands had 
significant influence on retention of nitrogen in the outflow. It is evident that 
wetlands have a great ability to reduce TN through nitrification and denitrification 
processes. However, dead plant litter, algae and other organic material produced in 
wetlands may lead to high organic nitrogen in the outflow (Phipps and Crumpton 
1994). Furthermore, Cooke (1994) found nitrogen export during high flow due to 
desorption of ammonium from the soil. Similarly, Birch et al. (2004) noted poor 
removal of TN at 16% by a wetland draining an urban watershed in Sydney. They 
also reported that the wetland not only poorly removed TN but also TP and TSS with 
only 9% and 27% during moderate flow events. All this evidence suggests that a 
range of factors influence the treatment performance of wetlands. The factors might 
be associated with rainfall and catchment characteristics which need further 
investigation. The investigations will be more comprehensive when hydrology and 
hydraulic parameters are also included. 
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Heavy metals can be removed from the water column through sedimentation, 
adsorption and plant uptake. The performance of wetlands in reducing heavy metals, 
particularly Zn, Pb and Cu has been reported by Walker and Hurl (2002), whilst the 
removal of other metals including Ca, Mg, Mn, and Na has been noted by Kohler et 
al. (2004). Other researchers have also reported that constructed wetlands can 
significantly reduce organic pollutants such as pesticides, insecticides, fungicides 
and hydrocarbons (Kohler et al. 2004; Sherrard et al. 2004; Thurston 1999). 
Pathogens can be destroyed by exposure to ultra violet light in open water and by 
predation, or removed through adsorption. In a study of urban wetlands in 
Washington, USA, Reinelt and Horner (1995) reported a mean annual removal of 
49% for faecal coliforms.  
The performance of wetlands in pollutant removal discussed above are calculated 
annually or based on the accumulated load from a number of storm events during a 
specific period. Factors that influence performance have rarely been investigated. 
Therefore, in order to relate the performance to the potential influential factors such 
as rainfall intensity and duration, the investigations have to be undertaken on an 
individual event basis.  
Influence of hydraulic factors on wetland treatment 
Stormwater treatment processes in a constructed wetland involve a diverse range of 
mechanisms including settling of particulates under gravity, filtration, adsorption, 
vegetation uptake and biological decomposition (Kadlec and Knight 1996; Wong et 
al. 1999; Spieles and Mitsch 1999). These processes are affected by a range of 
hydraulic factors, such as hydraulic loading, retention time, inflow characteristics 
and water depth (Carleton et al. 2001; Holland et al. 2004). This is by influencing the 
transport of pollutants during the treatment period. Furthermore, Jenkins and 
Greenway (2005) found that wetland shape, vegetation density and spatial 
distribution have a significant influence on treatment processes. Additionally, the 
treatment processes were also found to be affected by flow hydrodynamics, wetland 
bathymetry and outlet structure designs (Wong et al. 1999). However, researchers 
have noted that the hydraulic loading rate and retention time are the two most 
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influential hydraulic factors in relation to stormwater treatment in constructed 
wetlands (Carleton et al. 2001; Holland et al. 2004; Chang et al. 2007; Bastviken et 
al. 2009; Fisher et al. 2009). Hydraulic loading rate is the ratio of the mean discharge 
to the wetland surface area whilst the retention time is defined as the average 
detention time of the stormwater within the wetland from the inlet to the outlet 
(Wong et al. 1999). 
A range of studies have been conducted to evaluate the hydraulic factors influencing 
treatment performance of constructed wetlands (Brydon et al. 2006; Gaul et al. 1999; 
Rousseau et al. 2008). However, most of the studies used computer simulations as 
tools to predict the hydraulic characteristics and their outcomes heavily relied on the 
empirical assumptions incorporated. Most of these studies were also based on long 
term or event based simulations, where the hydraulic parameters obtained for 
evaluations were in lumped format. There are limited approaches available for 
evaluating the influence of hydraulic factors in a comprehensive basis.  
Pollutant removal models 
Pollutant removal processes in constructed wetlands have been observed and 
modelled by researchers such as Wong and Geiger (1997), Wood and Shelley 
(1999), and Werner and Kadlec (2000). The most commonly adopted model to 
compute the performance of constructed wetlands in the removal of stormwater 
pollutants is a first order kinetic model (Wong and Geiger 1997; Wong  et al. 2000; 
Wong et al. 2001; Carleton et al. 2001; Holland et al. 2005). The model uses a first 
order decay function, which is simplified from a large number of parameters 
involved. When stormwater moves through the wetland system, the quality of water 
is influenced by several physical and biochemical processes which are very complex. 
However, the overall effect is that pollutant concentration in the water tends to move 
by an exponential decay process towards an equilibrium value.  
The model involves two parameters, i.e. the rate constant k and the background 
concentration C*, and can be written as Equation 3.5. 
 C = C∗ + C − C∗e

	 Equation	3.5	
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Where:  
Co is the pollutant concentration at the outlet of the wetland (mg/L) 
Ci is the pollutant concentration at the inlet of the wetland (mg/L) 
C*  is the equilibrium value or the pollutant background concentration (mg/L) 
k  is the rate constant of pollutant removal parameter (m/yr) 
q is the wetland hydraulic loading (m/yr) 
The first order kinetic model given above was also adopted by the Cooperative 
Research Centre (CRC) for Catchment Hydrology, and incorporated in the MUSIC 
(Model for Urban Stormwater Improvement Conceptualisation) software (CRCCH 
2005). Lumped conceptualisation of a large number of influential parameters is 
confined to two parameters (k and C*) makes the model relatively simplistic. 
Furthermore, the calibrated parameters are specific only to the system in which the 
calibration is undertaken. The model does not consider parameters which represent 
clearly identified factors. These factors can be related to hydrologic and hydraulic 
parameters which in turn are related to rainfall and catchment characteristics. 
Accordingly, a model developed on this basis can be used widely without a 
significant amount of calibration data required, but should be based on rainfall and 
catchment characteristics, and the device parameters. 
3.5 WSUD Treatment Train 
In applying WSUD measures to a specific catchment, it is more effective to combine 
two or more treatment measures as each system has specific treatment strengths and 
cannot effectively treat urban stormwater and remove the full range of urban 
stormwater pollutants. A series of treatment measures for stormwater pollutant 
removal is analogous to the carriages in a train and is therefore referred to as a 
‘treatment train’ (Wong 2006). A treatment train can provide better performance and 
overcomes factors which may limit the effectiveness of a single measure.  
The application of treatment trains in stormwater management practices has 
significantly improved the stormwater treatment processes. Each stormwater 
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treatment measure within the treatment train system can complement the limitation 
of the other measures. Jefferies  et al. (2009) evaluated the performance of single and 
multiple component stormwater treatment measures. They proposed a scoring system 
as a treatment train assessment tool. A score was assigned to each individual 
stormwater treatment measure based on three factors; pollutant reduction, 
maintenance issues and robustness of the treatment measure. The higher the score, 
the better the performance of the treatment measure. The analysis result showed a 
very high score for an overall treatment measure which formed a treatment train with 
a range of measures compared to single stormwater treatment components. For 
example, a retention pond with a protecting treatment train upstream received a full 
score of 120, while a standalone retention pond was assigned a score of only 50 since 
sediment will be deposited in the pond resulting in the cost of sediment removal. 
Pollutant removal mechanisms which are associated with WSUD treatment measures 
involve physical, biological and chemical processes. Stormwater treatment measures 
based on physical processes are normally used first at the upstream end of the 
treatment train. These physical processes involve gross pollutants and coarse 
sediment removal (primary treatment), followed by finer particles and attached 
pollutant removal (secondary treatment). Primary treatment includes physical 
screening such as gross pollutant traps, and sediment settling basins and ponds. 
Secondary treatment involves finer particle sedimentation and filtration techniques, 
such as filter strips, grass swales, infiltration systems and bioretention basins.   
Once gross pollutants, coarse sediments and finer particles are removed, other 
pollutant removal mechanisms involving biological and chemical processes can be 
effectively applied at the downstream end of the treatment train. These pollutant 
removal mechanisms are classified as tertiary treatment. The treatment processes 
include trapping dissolved pollutants which are primarily achieved by adsorption and 
biological uptake, trapping fine suspended solids which is enhanced by fine sediment 
retention within dense vegetation, and transforming organic compounds to reduce 
the biological availability of organic material. 
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3.6 Conclusions 
Review of stormwater management strategies confirmed that current focus of 
managing stormwater in an urban development has changed from mainly flood 
mitigation to a multi objective approach, providing an integrated management of 
water quantity and quality, and landscape aesthetics. Water sensitive urban design 
(WSUD) in the Australian context is an integrated approach to stormwater 
management which aims to achieve stormwater management objectives through the 
implementation of WSUD structural and non-structural elements. Different WSUD 
structural measures for managing stormwater quality provide different levels of 
treatment. Therefore, the selection of appropriate WSUD device is important and 
should address the target pollutants, site conditions and catchment characteristics. 
However, when applying WSUD devices to a specific catchment, it is more effective 
to combine two or more treatment devices to form a treatment train. A treatment 
train provides better stormwater treatment performance because each component 
within the treatment train can complement the limitations of the other devices.  
The review of individual WSUD devices confirmed that gross pollutant traps (GPTs) 
are commonly used for source, stream and downstream control for removal of items 
larger than 5 mm. Vegetated swales, filter strips and bioretention swales are used for 
pollutant treatment while they convey stormwater runoff. Pollutant removal in these 
systems involves physical and biochemical processes achieved by settling, filtration, 
infiltration of particulate and in-bound pollutants and biological uptake. Retention 
basins remove pollutants by physical settling of suspended solids, which includes 
particle-bound pollutants such as phosphorus, heavy metals and hydrocarbons. 
Infiltrations systems can remove sediments, finer particles including nutrients, heavy 
metals and hydrocarbons from polluted stormwater via the processes of adsorption, 
filtration and infiltration. 
Review of literature showed that bioretention basins treat stormwater runoff by 
passing it through prescribed filter media with planted vegetation. The primary 
mechanism of stormwater treatment in bioretention basins is by adsorption, filtration 
and retention of pollutants in filter media. Previous studies found that the 
concentrations of some pollutants, particularly dissolved nutrients can be higher in 
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the outflow rather than inflow. However, stormwater retained by bioretention basins 
can result in significant pollutant load reduction in the outflow. Studies have been 
conducted to evaluate the influence of various factors in pollutant removal by 
bioretention basins. However, the influence of factors such as hydrologic and 
hydraulic parameters and rainfall characteristics remains unclear and needs further 
investigation. It has also been noted that most of the previous studies were conducted 
using column-based or laboratory scale models. Therefore, the wider applicability of 
the outcomes of these studies remain questionable. 
Review of literature revealed that constructed wetlands enhance stormwater runoff 
quality, particularly if the runoff contains high concentration of soluble compounds 
and fine suspended solids which are difficult to be removed by other treatment 
measures. Pollutant removal processes in a constructed wetland are more complex 
involving mineralisation, nitrification and denitrification, adsorption, sedimentation, 
complexation, precipitation and plant uptake. However, the pollutant removal 
performance of constructed wetlands has been reported to be inconsistent, suggesting 
that external factors such as hydrologic and hydraulic parameters play an influential 
role. A range of studies have noted that hydraulic loading and retention time are the 
two most influential hydraulic parameters for constructed wetland treatment. 
However, the role of these parameters in treatment processes remains unclear. A 
range of studies have also focused on developing pollutant removal models relating 
to constructed wetlands. However, most of the models developed are simplistic due 






























 Chapter 4: Study Design and Research Tools 63 
 
 




The research methodology was developed to achieve the aims and objectives of the 
study after a critical review of published literature. A comprehensive dataset was 
required in order to develop an in-depth understanding of the linkage between 
hydraulic factors and treatment performance of a bioretention basin and a 
constructed wetland. In order to generate such data, the research design entailed a 
series of field investigations and laboratory tests which are discussed in this chapter. 
Field investigations were conducted to collect inflow and outflow data for both the 
bioretention basin and the constructed wetland, on-site rainfall data, and stormwater 
samples at the inlet and outlet points. For this purposes, the appropriate field 
instruments were installed at the study site. The details of the field instrumentation 
are explained further in Section 4.3. Laboratory testing was conducted to analyse the 
samples for physico-chemical parameters as described in Section 4.5.  
This chapter also explain the data analysis tools used in this study. The developed 
stormwater conceptual models were used to identify the key hydrologic and 
hydraulic factors which influence the treatment performance of constructed wetlands 
and bioretention basins. The statistical analysis method used in this study is 
explained in Section 4.6. 
4.2 Study Design 
In order to achieve the aims and objective of this study, the study approach was 
designed to include the following primary activities: 
• Critical review of research literature 
• Study site and WSUD devices selection 
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• Sample collection and testing 
• Development of hydraulic conceptual models  
• Data analysis 
The detailed research process is further explained in the following sections. 
4.2.1 Critical Review of Research Literature 
The knowledge necessary to support the research study was gained through a 
comprehensive review of research literature. Through the literature review, current 
state of knowledge on the following areas was acquired: 
• stormwater quantity and quality management; 
• primary stormwater pollutants, their sources and pathways; 
• Water Sensitive Urban Design (WSUD) concepts and their application in 
urban stormwater management; 
• characteristics of selected WSUD measures and their performance in 
mitigating urban water quantity and quality degradation, with the specific 
focus on constructed wetlands and bioretention basins. 
4.2.2 Selection of Study Site and WSUD Devices  
This study required in-depth field investigations including the collection of rainfall 
data, and quantity and quality data for flow entering and leaving WSUD devices. 
Accordingly, study sites were selected so that a comprehensive monitoring of 
WSUD devices constructed in compliance with accepted standards and guidelines 
could be undertaken. The selected study site also had to fulfil other criteria such as 
ease of access, the availability of baseline data relating to the catchment and drainage 
network, and the availability of monitoring stations for rainfall and flow data and 
stormwater sample collection. 
Various type of WSUD devices are used for stormwater treatment. A bioretention 
basin and a constructed stormwater wetland were selected for detailed investigations 
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due to their common use in stormwater treatment. Bioretention basins primarily 
enhance stormwater quality through flow retention and filtration by passing 
stormwater runoff through prescribed engineered filter media. Constructed 
stormwater wetlands, on the other hand, provide water quality treatment primarily by 
settling pollutants with flow retardation and biological uptake. 
4.2.3 Field Data, Sample Collection and Testing 
Field investigations consisted of collecting data on flow entering and leaving WSUD 
devices and collecting representative samples from each rainfall event for water 
quality testing in the laboratory. Study also required rainfall data within the vicinity 
of WSUD devices. Data recorded by each monitoring station included, on-site 
precipitation required to produce rainfall hyetographs and flow rate to produce 
runoff hydrographs at the inlet and outlet of each WSUD device. The collected 
samples were analysed for selected water quality parameters. The selected water 
quality parameters and the selection criteria are explained in Section 4.5.1. All the 
laboratory tests were conducted according to the appropriate standard methods 
(APHA 2005; US EPA 1993c).  
4.2.4 Development of Hydraulic Conceptual Models 
For achieving the prescribed aims and objective, data relating to hydraulic conditions 
of WSUD devices was essential. Since field investigations can only provide inflow 
and outflow data, a modelling approach was used to generate other hydraulic factors 
such as average retention time and average depth of water. The model was used to 
replicate the fluctuation of the hydraulic factors in the simulated system in response 
to the input data from recorded inflow runoff hydrographs. The model was 
conceptually designed as a collection of hydraulic devices based on available 
equations to replicate each device.  
4.2.5 Data Analysis 
Data analysis was conducted to evaluate the water quality treatment processes in the 
constructed wetland and bioretention basin and to understand how hydrologic and 
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hydraulic factors influence these processes. Initially, Multi Criteria Decision Making 
(MCDM) method PROMETHEE and GAIA biplots were used to categorise the 
recorded rainfall events based on rainfall depth. These methods were chosen as they 
facilitate clear identification by ranking and visualisation. Secondly, using Principal 
Component Analysis (PCA), the hydrologic and hydraulic factors were analysed to 
understand their correlations and the linkage to water quality parameters at the inlet 
and outlet of the constructed wetland and bioretention basin. PCA was employed to 
identify the correlation between hydrologic and hydraulic factors and water quality 
parameters. Thereby, the influence of hydrologic and hydraulic factors on the 
treatment performance of the constructed wetland and bioretention basin were 
defined. Furthermore, PCA was also used to investigate the influence of rainfall 
characteristics on the water quality treatment processes of the WSUD devices. 
4.3 Research Methods: Field Instrumentation 
The research study used stormwater monitoring stations established and operated 
since August 2007. The monitoring stations were set up by the Queensland 
Department of Environment and Resources Management (DERM), formerly the 
Department of Natural Resources and Water (DNRW). The stations were 
constructed and maintained as part of a collaborative project between the Gold Coast 
City Council (GCCC), Queensland University of Technology (QUT) and DERM. 
DERM was responsible for sample collection and analysis prior to June 2009. Since 
June 2009, the computer monitoring system which was used to receive data from the 
site and to control the telemetry system was moved from the DERM office to QUT 
Gardens Point Campus. In addition, all data collection and analysis was taken over 
by QUT as part of this research project. 
The monitoring stations recorded on-site rainfall data, measured the inflow and 
outflow into the WSUD devices and automatically captured the stormwater samples 
for selected rainfall events. The monitoring stations were installed at the inlet and 
outlet of each monitored WSUD device. The monitoring stations were linked by a 
spread spectrum RF radio modem to a central monitoring station located at the 
wetland inlet. The central station contains a GSM modem and data logger which 
serves as a ‘hub’, sending the data collected to a monitoring computer located at 
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QUT, which also contained a GSM modem. The monitoring stations had custom 
made housing to protect equipment from the weather and to look aesthetically 
pleasing.  The housings were placed on a levelled platform near to the stormwater 
access inlet/outlet chambers or drains, which served as the sampling locations for 
stormwater runoff collection.  
All monitoring stations consisted of similar components with slight variation in the 
rainfall gauge, data logger and telemetry equipment to suit site requirements. Station 












Figure 4.1 – Monitoring station apparatus; (a) outside, (b) inside the housing  
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Each monitoring station typically contained a V-notch weir with pressure sensor 
probe to measure the flow, a RF radio modem, a data logger and an automatic water 
sampler. All field data were recorded in a data logger that was kept inside the 
housing together with other apparatus such as a RF radio modem, GSM modem and 
automatic sampler. Data could be downloaded directly from the logger or remotely 
from a storage computer, allowing the system to be checked for errors or power 
failure. Power to each station was supplied by a solar panel through 12 volt dry 
batteries. The solar panel and RF radio antenna were mounted on a 4 m high steel 
pole, ensuring they were clear of shrubs and trees for sunlight capture and for good 
RF radio signal strength. Two rainfall gauges were also available within the site 
ensuring the availability of continuous data sets and capturing the spatial variability 
of rainfall.      
4.3.1 Flow Measurement 
In all field monitoring stations, V-notch weirs were used to measure the flow by 
forcing the water through a hydraulic transition. V-notch weirs were placed in the 
front or near the rear end of stormwater channels or within stormwater pipes at the 
inlet and outlet of the WSUD devices. Pressure sensor probes were installed below 
the weir crest to record the height of water passing over the probes. It was necessary 
to correct the depth measurement to accurately reflect the hydraulic head on the weir. 
This was done by accurately measuring the distance from the pressure sensor probe 
to the bottom of the V-notch opening. This distance was then programmed into the 
data logger as an offset. 
A. Weir Design and Calibration 
The weirs were designed within a rectangular box to ensure an approach region is 
established before flowing through the weirs. Typical flow measuring weir should be 
designed according to prescribed set of criteria in order to obtain accurate 
measurements. These criteria have been studied extensively and can be found in 
literature such as Barnes (1916), Marks and Baumeister (1922), Diederichs and 
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Andrea (1930) and Kuniansky (1941). However, all the prescribed criteria were 
difficult to fulfil due to the limitation of space in the field where the weir boxes 
could be placed. Barnes (1916) suggested that the crest should be at least 15cm 
above down-stream level, and at least 30cm above the floor in front of the weir from 
where the incoming water approaches. This was difficult to achieve due to flatness of 
the terrain. 
The weir boxes were made in small sizes to fit the available space. The reduced 
width took into consideration the velocity in flow calculation. Consequently, the 
weirs were calibrated to accommodate the effects of the velocity of approach. 
Additionally, baffle plates were fitted inside the weir boxes perpendicular to the flow 
direction for flow and wave suppression. The weir boxes were constructed using 
large UV resistant plastic tubs. On one side the V-notch weirs were made using a 2 
mm galvanized steel face plate. This was to comply with the Australian Standard AS 
3778.4.1 (1991) which requires maximum 2 mm thickness of the crest for V-notch 
sharp crested weirs. A sketch of a typical V-notch weir box installed on site is 








Figure 4.2 – Typical V-notch weir box installed on site 
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To obtain accurate measurement of the volume of water discharging over the weir, it 
was important that each weir was properly calibrated. Through calibration, the 
influential factors such as inlet pipe size and slope, weir position, pressure sensor 
probe position and approaching flow velocity were taken into account in developing 
the height-discharge relationship. The discharge over the weir was calculated using 
the Kindsvater-Shen discharge formula for a triangular sharp crested weir, as 
recommended by Australian Standard AS 3778.4.1 (1991) (see Equation 4.1).  




 Equation 4.1 
Where: Q  = Discharge (m3/sec) 
 Cd = Discharge coefficient 
 θ = Vertex angle of the V-notch 
 g = Acceleration of gravity (= 9.81 m/sec2) 
 H = Head above the weir crest (m) 
Different inflow discharge rates created different hydraulic heads and different 
velocities of approach flow. To accommodate the variations in the flow velocities 
requires a range of discharge coefficient (Cd) values for the range of hydraulic head 
(H). Therefore, the calibration process was conducted to obtain the Cd values, where 
each Cd is associated with a range of H. The calibration data were plotted in a rating 
curve presented as the height-discharge relationship to obtain the most appropriate 
discharge coefficient using Equation 4.1. 
B. Pressure Sensor Probe 
To measure the head (H), a pressure sensor probe was installed in each weir box as 
far back from the weir face plate as possible in order to reduce the impact of the 
nappe on the height reading. Marks and Baumeister (1922) suggest that the head 
should be measured at least 4H upstream from the weir. The pressure sensor is a 
pressure transducer which provides a means of transferring one physical parameter 
to another i.e. pressure to electrical current. The pressure transducer utilises the 
capacitive principle of measurement. Pressure variations on a diaphragm are detected 
relative to a fixed second plate to produce an electrical current signal that is linear 
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over a fixed pressure range. A program then transforms the electrical current signal 
sent to the data logger to the reading for head (H).  
Greenspan PS700 pressure sensors were used in the monitoring stations. This sensor 
probe is packaged in small, robust, stainless steel housing fully sealed against 
moisture penetration and is hardwired. The transducer is a capacitive ceramic 
pressure sensitive diaphragm. Each pressure sensor required a closed venting system 
(CVS) pack. The CVS pack allows barometric pressure to exist within the vent tube 
without allowing moist air from the surface condensing on sensitive electronic 
components due to warm air inside the sensor, which can cause measurement error 
and damage the sensor. The CVS pack contains silicon desiccant crystals that easily 
absorb moisture thereby drying the air. Greenspan PS700 pressure sensor and 










Figure 4.3 – Pressure sensor probe and closed venting system (CVS) 
(Adapted from Greenspan nd) 
Air inlet filter 
Cable vent tube to 
pressure sensor 
Cable wires to data 
logger & cable vent tube 
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4.3.2 Rain Gauges 
Hydrological Services TB4 automatic rain gauges were installed at the site. The TB4 
rain gauge operates on the tipping bucket principle.  A receiver of 200 mm diameter 
collects rainfall which is strained by metal gauze before being passed to the tipping 
bucket measuring system (see Figure 4.4). Tips of the bucket occur with each 0.2 
mm of precipitation collected and a reed switch detects these events and produces a 
momentary contact closure signal for logging in the data logger. Data from the rain 
gauge was logged by the data logger for individual tips. The number of tips within 
each 6 minute interval was also logged. Two rain gauges were installed 
approximately 100 m apart to ensure the continuous availability of rainfall data and 
prevent loss of rainfall data due to rain gauge error or failure. The rain gauges were 
fitted with bird guards to discourage birds from landing on the rain gauge and 
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4.3.3 Automatic Water Samplers 
Two series of ISCO samplers, either ISCO 3700 or ISCO 6712 was installed at each 
stormwater station to collect stormwater samples during the flow events. Both 
samplers are designed to collect as many as 24 separate sequential samples. The 
sampler’s hold 24 one litre, high density polyethylene bottles in an enclosed rugged 
plastic shell. A peristaltic pump suctions water samples into these bottles and also 
automatically rinses the suction line after each sample collection. The ISCO 
samplers are fully programmable that can collect sequential samples at user-
definable time intervals (time-pacing) or at flow-volume intervals using flow pulse 
inputs from an external flow meter (flow-pacing). The samplers allow selecting 
different programming modes to ensure the most suitable routine for the application. 
Specific programs based on flow-pacing or time-pacing or the combination of flow-
pacing and time-pacing are stored in the data logger to send a pulse which triggers 
the sampler to collect samples. 
4.4 Data and Sample Collection Methods 
Fieldwork consisted of collecting stormwater samples captured by site monitoring 
stations for testing in the laboratory and collecting rainfall and flow data recorded by 
the stations. The rainfall and flow data, and stormwater samples from selected 
rainfall events during January 2008 until March 2011 were collected and tested in 
the laboratory for further investigation in this study. 
4.4.1 Rainfall and Flow Data Collection 
Data sets recorded by each station were precipitation to produce rainfall hyetographs 
and water depth which were converted to flow rate to produce runoff hydrographs at 
the inlet and outlet of each WSUD device for the storm events investigated. 
Precipitation which was measured using rain gauges and water depth which was 
measured by pressure sensor probe were recorded in the data logger installed at the 
inlet and outlet of the WSUD devices.  
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Telemetry System 
All data recorded in the data logger could be accessed and periodically downloaded 
by either direct connection to site or using the telemetry system through the 
monitoring computer. To support the telemetry system, a pair of GSM modems were 
used with one placed in a stormwater station and the other at the monitoring 
computer at QUT. To minimise the loss of data in the data loggers, the telemetry 
system was set to automatically download data. 
 
Figure 4.5 – Monitoring computer set up for telemetry system 
4.4.2 Water Sample Collection 
Stormwater samples from selected rainfall events were captured by ISCO Automatic 
samplers. Only stormwater samples from rainfall with sufficient antecedent dry days 
were selected. Egodawatta et al. (2006) noted that the pollutant build-up on road 
surfaces during the first two days is high compared to longer dry periods. It takes up 
to around 7 days before the rate of build-up significantly reduces. However, during 
the first five days the build-up load has achieved a significant amount. Therefore, a 
minimum of five antecedent dry days was allowed for rainfall events to be 
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The automatic samplers were programmed to capture discrete number of 1 L 
stormwater samples per each event into the ISCO sample containers so that the 
evaluation of pollutant variation within the event is possible. For this purpose, a 
specific instruction was provided to each data logger enabling capture of samples at 
appropriate time intervals. Data logger controls the pumping regime of the sampler.   
The instructions provided for inflow sample collection and outflow sample collection 
was different. Inflow hydrograph observed for each system was typically steep and 
fluctuating within a short period of time and due to this, instructions provided to inlet 
station data loggers were flow-pacing based. This allowed the inlet samplers to take 
reasonable number of samples during the raising limb and falling limb of the 
hydrograph. The number of samples captured by the sampler was varied depending 
on the peak flow of the event. Therefore, events with high rainfall depth or high 
intensity lead to collection of more samples. It was intended that the number of 
sample was no more than 24 containers. However, for low depth of rainfall (about 
4mm rainfall), the sampler would collect only 2 samples, one during the rising limb 
and another one during the falling limb of the hydrograph. 
Instructions provided to outlet station data loggers were based on the combination of 
flow-pacing and time-pacing. Flow-pacing targeted sample collection during the 
rising limb of the outflow hydrograph while time-pacing targeted samples during the 
falling limb of the outflow hydrograph as the hydrograph typically decreased 
gradually and might take up to 3 or 4 days. 
Water samples were collected from the monitoring station as soon as possible, 
generally within 24 hours of samples being captured. Water samples were transferred 
into 1 L sample bottles through a funnel and clearly labelled for future identification. 
While transferring, ISCO sample containers were inverted and shaken several times 
to ensure all particle matter was collected from the sample containers.  
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Figure 4.6 – Stormwater samples in an Eskie Cool box with ice cubes  
The design of the sampling programs, automatic sampling, and preservation and 
handling of samples were carried out in accordance with Australian/New Zealand 
Standards for water quality sampling, AS/NZS 5667.1:1998 (AS/NZS 5667.1: 1998). 
Stormwater samples collected from monitoring stations were transported and stored 
at the QUT laboratories. During transportation, sample bottles that contained 
stormwater samples were stored in Eskies cool boxes with ice cubes to maintain the 
required low temperature. EC and pH of the samples were measured immediately 
after returning to the laboratory. The samples were refrigerated at 4°C, as specified 
in the US EPA Method 200.8 (1994) (US EPA 1994) and Standard Methods for the 
Examination of Water and Wastewater (APHA 2005). 
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4.5 Sample Testing 
4.5.1 Water Quality Parameters Selection 
Samples were analysed for a selected set of water quality parameters. These 
parameters were selected based on the discussion in Chapter 2. The list of parameters 
is classified as basic water quality parameters, solids and nutrients as listed below.  
Basic parameters:  
• pH 
• Electrical conductivity (EC) 
Solids: 
• Total suspended solids (TSS) 
Nutrients: 
• Total phosphorus 
• Phosphate (PO43-) 
• Total kjeldahl nitrogen (TKN) 
• Nitrate (NO3-)  
• Nitrite (NO2-) 
• Ammonium (NH4+) 
With reference to published literature, the parameters listed above are the primary 
indicators of stormwater quality (Ball et al. 1998; Bian and Zhu 2008; Eriksson et al. 
2007; Makepeace et al. 1995; Ongley et al. 1981; Sartor et al. 1974). The 
acidity/alkalinity (pH) and electrical conductivity (EC) are the two basic water 
quality parameters. According to Boyd (2000), degree of reactions which change 
water quality are pH dependant and compounds which are generally found in urban 
stormwater are related to its EC. EC is a measure of the ability of water to pass an 
electrical current. High EC indicates the high presence of inorganic dissolved solids 
such as chloride, nitrate, sulphate, and phosphate anions (ions that carry a negative 
charge) or sodium, magnesium, calcium, iron, and aluminium cations (ions that carry 
a positive charge) (US EPA 2012).  
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Solids are one of the most significant pollutants. Many researchers have noted that 
pollutants such as hydrocarbons, heavy metals and nutrients are bound to solids. 
Therefore, solids promote pollutant transport as they act as a mobile substrate to 
which other pollutants are attached (Atasoy et al. 2006; Harrison and Wilson 1985; 
Herngren et al. 2005; Hoffman et al. 1985; Ongley et al. 1981). 
Nutrients are among the most common pollutants found in urban stormwater runoff. 
Algal blooms and growth of macrophytes are the common issues which are caused 
by excessive nutrients in urban water (Vieira et al. 1998; Hilton et al. 2006; Leaf and 
Chatterjee 1999). Additionally, from a water quality perspective, nutrients that play 
the most vital role in the deterioration of water quality are nitrogen and phosphorous 
(Ballo et al. 2009; Carpenter et al. 1998; Taylor et al. 2005) 
Researchers have found that hydrocarbon and heavy metal concentrations are 
significantly correlated with traffic related activities (Bomboi and Hernández 1991; 
Brown and Peake 2006; Ellis et al. 1997; Sartor and Boyd 1972). It has also been 
reported that heavy metal concentrations are found to be the highest at industrial 
areas and less important for residential areas (Brown et al. 1985; Brown and Peake 
2006; Revitt et al. 1990). As the study site was located in a low density residential 
area with low traffic related activities, it was assumed that the concentration of heavy 
metals and hydrocarbons was not significant. Therefore, heavy metals and 
hydrocarbons were not included in the study. 
4.5.2 Laboratory Testing Methods 
Laboratory tests were conducted to analyse the concentration of the water quality 
parameters described in Section 4.5.1. Samples were tested at QUT laboratories. Test 
procedures and methods complied with the Standard Methods for the Examination of 
Water and Wastewater (APHA 2005) and US EPA Methods. Standard quality 
control procedures for sampling, sample preservation and handling in the form of 
Australian/New Zealand Standard, Water Quality (AS/NZS 5667.1: 1998) were 
adopted to safeguard the accuracy of the test results. Additionally, for further quality 
control purposes, laboratory blanks, field blanks and quality control solutions of 
known concentration were included in each laboratory analysis. 
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4.5.3 Test Procedure for pH and EC 
pH and EC tests were conducted using pH and EC analyser (See Figure 4.7). The 
specific pH and EC probes connected to the analyser were dipped into the 
stormwater sample to measure the pH level and the conductivity of the sample. Prior 
to the measurement, the analyser needed to be calibrated using standard pH buffer 
solution and standard conductivity solution. For calibrating pH two standard pH 
buffer solutions were required (pH=7 and pH=4) and for calibrating EC standard 
conductivity solution with EC=150 µS was required. The test methods used for pH 







Figure 4.7 – pH and EC Analyser  
4.5.4 Test Procedure for TSS 
TSS concentration was measured by filtering a 20 mL volume of sample through a 1 
µm glass-fibre filter paper and measuring the weight of the residue retained on it. 
The filter papers were pre-washed using deionised water and oven dried before use. 
Samples were filtered through the pre-weighed filter papers and the filter paper 
together with the residue retained was oven dried at 103-105 ºC. The increase in 
weight of the filter paper was determined to obtain the TSS weight in the volume 
filtered. The method complied with the Standards Methods for Water and 
Wastewater Method No. 2540 D (APHA 2005). 
EC probe 
pH probe 
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4.5.5 Test Procedures for Nutrients 
As shown in Table 4.1, the primary laboratory instrument used for nutrient analysis 
was SmartChem 140 Discrete Analyser (Figure 4.8). Consequently, methods 
recommended for SmartChem 140 were applied in addition to the standard methods 
specified by US EPA (see Table 4.1, column 2). 
Table 4.1 – Test methods and instruments used for nutrients analysis 
Parameters Test Method Instrument 
TP 
US EPA Method 365.1 (US EPA 
1993c), US EPA Method 365.4 (US 
EPA 1983) and SmartChem method 
No. 420-200E 
Westco’s Block Digester 
and SmartChem 140 
PO43- 
US EPA Method 365.1 (US EPA 




US EPA Method 351.2 (US EPA 
1993a) and SmartChem method No.  
390-200E 
Westco’s Block Digester 
and SmartChem 140 
NO3- 
US EPA Method 353.2 (US EPA 




US EPA Method 354.1 (US EPA 
1971) and SmartChem method No.  
381-200D 
SmartChem 140 
TN Summation of NO2
-
, NO3- and TKN 
values --- 
NH4+ 
US EPA Method 351.2 (US EPA 




SmartChem 140 Discrete Analyser is colorimetric, highly automated and works with 
minimal operator interaction. The main components of this instrument are a pipettor-
dilutor with liquid level sensor probe, high performance wash station, reaction 
cuvette system, and sample and reagent trays.   
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Figure 4.8 – SmartChem 140 Discrete Analyser 
The high performance wash station washes the probe at every liquid contact to 
prevent contamination. Once the samples, quality controls and required standard and 
reagents are loaded into the instrument, the test sample is prepared inside the 
reaction cuvettes automatically. The instrument measures the absorbance directly in 
the reaction cuvettes. This eliminates the need to transfer reaction mixtures to a 
common flow cell, thereby preventing the possibility of contamination (Westco 
2007). The instrument automatically runs the test, and the testing process and results 
could be monitored in the computer available. 
Test procedures for the six nutrient parameters in Table 4.1 (TP, PO43-, TKN, NO3-, 
NO2-, and NH4+) are similar except for TP and TKN which need digestion before 
testing with the Smartchem 140 instrument. In this study, an AIM600 block digester 
was used for the digestion of TKN and TP samples (Figure 4.9). The main 
components of the instrument are a digestion block, a programmable controller, a set 
of digestion tubes, tube rack and cooling stand. The digester block consists of 50 
wells for placing 100 mL glass sample tubes. The programmable controller attached 
to the instrument is capable of controlling the digestion block temperature and time 
lapse needed according to the method specified.   
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Figure 4.9 – Block digester 
The digestion process for TP and TKN in this analysis required 25 mL samples, 
standard solution and quality control solution to be poured into pre-washed digestion 
tubes using a pipette. 10 mL of digestion solution and Teflon boiling chips were 
added to the tube. All samples, standard solution and quality control solution were 
heated at 160oC for 1 hour and 380oC for 30 min. After cooling, each sample was 
diluted back to 25 mL using deionised water. Testing for each nutrient parameter 
required specific standard solution and quality control solution which had been 
prepared before testing. 
4.6 Data Analysis Methods 
Data analysis was divided into two parts. The first part was to analyse the hydraulic 
processes within the WSUD devices. For this, a conceptual model of each WSUD 
device was developed. The second part used univariate and multivariate statistical 
analysis to investigate the stormwater treatment processes occurring within the 
WSUD devices.  
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4.6.1 Analysis of Hydraulic Processes using the Conceptual Model 
A conceptual model which comprised of mathematical formulae to represent the 
influential hydraulic factors was developed for each WSUD device. This was to 
replicate the hydraulic characteristics of WSUD devices. The models were calibrated 
based on the measured inflow and outflow hydrographs of each WSUD device. Once 
the model was calibrated, it was applicable for use for various conditions to predict 
the outflow hydrograph associated with every input inlet hydrograph. During the 
calibration process, the parameters which are significant and less significant were 
also identified. 
4.6.2 Data Analysis using Univariate and Multivariate Statistical Methods 
The three main natural processes which influence pollutants movement and 
transformation within stormwater systems can be classified as physical, chemical, 
and biological processes (Zoppou 2001). Separate evaluation of the performance of 
WSUD devices according to the different processes noted above is complex and 
involves the evaluation of physico-chemical processes which might be influenced by 
a number of factors which are difficult to predict. However, the treatment 
performance for individual pollutants can be evaluated by analysing measured 
inflow, outflow and water quality data for each measured WSUD device. Univariate 
and multivariate statistical analysis including Principal Component Analysis (PCA), 
PROMETHEE and GAIA were used to evaluate the treatment performance of 
WSUD devices.  
A. Univariate Data Analysis 
Univariate data analysis was primarily used to explore the variability of the data and 
can be used to identify the relationship between two variables. Prior to focusing on 
multivariate data analysis, univariate statistical analysis techniques were used to 
understand the primary variability of the physico-chemical parameters investigated 
in the research study. Many pollutant parameters associated with urban water occur 
in highly variable concentrations. Consequently, summary analysis such as mean and 
standard deviation (SD) can be used to describe the characteristics of a single 
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variable data set (Adams 2004; Bahar et al. 2007). Mean is the ordinary arithmetic 
average of the data set, while standard deviation (SD) measures the dispersion of 
data with respect to the mean value. However, extreme values or outliers in the data 
set affect the mean. Therefore, for a non-normal data distribution, the mean value is 
not a good summary statistic. A large standard deviation indicates that the data are 
scattered widely about the mean value and conversely, a small standard deviation is 
characteristic of a more tightly grouped set of data (Adams 2004).  
B. Multivariate Data Analysis 
Focus of this research was to identify the influence of hydrologic/hydraulic factors in 
the treatment performance of the WSUD devices by evaluating the relationship 
between factors. Since univariate data analysis can only compare two parameters, 
multivariate data analysis techniques were required in order to identify linkage 
between multiple numbers of parameters. For multivariate data analysis, variables 
are combined to provide a complete description of the total data set (Adams 2004). 
Principal component analysis (PCA), PROMETHEE and GAIA were used in this 
research study. 
Principal Component Analysis (PCA) 
PCA is a common pattern recognition technique which has been widely used in 
numerous water quality research studies to investigate multivariate data, such as by 
Bengraïne and Marhaba (2003), Brodnjak-Voncina et al. (2002), and Mendiguchía et 
al. (2004). Brodnjak-Voncina et al. (2002) in their study collected 207 samples and 
measured 19 physical and chemical variables of the Mura River in Slovenia. They 
conducted basic statistical analyses and PCA to determine correlations between 
biological classes and chemical parameters. Another study was conducted by 
Mendiguchía et al. (2004) to measure several physico-chemical variables in 26 
sampling stations located along Guadalquivir River in Spain. The data matrix was 
analysed by PCA and the analysis results allowed the identification of four different 
zones in the river, with different water quality characteristics. Furthermore, 
Bengraïne and Marhaba (2003) conducted a study to obtain chemical, biological and 
physical data monitored at 12 locations along the Passaic River, in New Jersey. In 
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their data analysis, PCA was used to extract the factors associated with variability in 
hydrochemistry and to obtain the spatial and temporal changes in the water quality. 
The solute content, temperature, nutrients and organics were the main patterns 
extracted. The study showed the importance of environmental monitoring associated 
with simple but powerful statistical analysis to better understand a complex water 
resource system. 
PCA method transforms the original data into a covariance matrix. PCA performs 
data transformation by reducing a raw data set to a small number of principal 
components (PCs), without loss of much information in the data set (Vega et al. 
1998). The first principal component describes the maximum variance of the data 
set. The variance associated with PCs decreases from the first to the last significant 
principal component (Adams 2004; Settle et al. 2007). Since the first few PCs are 
associated with most of the variance, they are usually considered for interpretation.  
The PCs can be defined by the eigenvectors of a variance-covariance matrix. Thus, 
the eigenvectors represent the loadings or coefficients used to transform the original 
data into PCs (Adams 2004). The number of PCs that should be taken into account in 
the analysis is determined by the weights of the eigenvector in the Scree plot. The 
Scree plot is the graphical representation of the eigenvalues in the descending order 
with corresponding PCs (Adams 2004; Jackson 1991).  
Prior to applying PCA to a data set, the original data must be arranged into a matrix 
representing variables by columns and objects by rows. Therefore, in this study, the 
stormwater samples from a rainfall event were assigned as objects and the 
hydrology/hydraulic factors and water quality data were assigned as variables. Since 
these variables represent different units or varying magnitude, the data was subjected 
to pre-treatment to avoid scale effects. The most common pre-treatment techniques 
used are standardisation, mean centering and auto scaling (Kokot and Yang 1995; 
Librando et al. 1995; Tyler et al.). Standardization is usually recommended when the 
variables measured are recorded in different units (Adams 2004). Standardisation is 
achieved by the individual value in each cell being divided by the standard deviation 
of that column. This ensures that each variable will have equal weighting with a 
standard deviation of 1 (Kokot et al.). Mean centering is to subtract the mean value 
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of each variable from each element in their respective column. The combination of 
standardisation and mean centering is called ‘auto scaling’ (Purcell et al. 2005; Settle 
et al. 2007). In this study, due to the large differences in the magnitude between 
variables, the original data was subject to auto scaling. 
One of the main advantages of PCA is the graphical interpretation of the outcome 
which is usually presented as scores and loadings plots, and biplots. The important 
information about the objects derived from PCA is graphically presented in a scores 
plot, while the relationships among variables are presented in the loadings plot. In 
addition, PCA biplot displays the relationships among variables and objects, which 
can be obtained when scores and loadings are displayed together on the same plot. 
The angle between variable vectors gives the degree of correlation between them. An 
acute angle between two vectors indicates a strong correlation, whereas an obtuse 
angle indicates negative correlation. Right vectors indicate no correlation. In 
addition, the correlation between variables and objects is indicated by their vector 
direction. Objects with similar properties will form a cluster or group. Theoretical 
interpretation of PCA can be found in Adams (2004) and Massart et al. (1988). 
Although the PCA biplot is informative, when a biplot contains low data variance, 
the sole use of PCA is not adequate to identify linkages between parameters. In such 
instance, other analytical techniques such as correlation matrix and PROMETHEE 
and GAIA are useful to validate the outcomes from a PCA biplot. In this research 
study, PCA was carried out by using StatistiXL and Sirius 7.0 software. 
Multi Criteria Decision Making Method, PROMETHEE and GAIA 
Multi Criteria Decision Making (MCDM) methods facilitate decision-making when 
dealing with multivariate problems to obtain an optimum decision. The main 
objective of MCDM methods is to help decision-makers to identify the best decision 
for complex issues. According to research literature, a number of MCDM methods 
have been used successfully such as SMART, ELECTRE, PROMETHEE and GAIA 
(Khalil et al. 2004; Lim et al. 2006; Martin et al. 2007). In general, each method has 
its own characteristics. However, among these MCDM methods, Preference Ranking 
Organisation Method for Enrichment Evaluation (PROMETHEE) ranking method 
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coupled with Graphical Analysis for Interactive Aid (GAIA) method were identified 
as the most suitable ranking methods due to their simplicity and sophisticated 
technique (Brans et al. 1986; Keller et al. 1991). The combination of PROMETHEE 
ranking and GAIA visualisation techniques facilitates the identification of variables 
responsible for the ranking and often performs well when compared to the other 
MCDM methods (Ayoko et al. 2007; Keller et al. 1991; Khalil et al. 2004; Kokot et 
al. 2005). Unlike PCA, PROMETHEE is a nonparametric method that has the ability 
to provide a ranking even for as few as two objects (Carmody et al. 2005). 
PROMETHEE ranks a number of actions (objects or samples) based on the criteria 
(variables) in the data matrix, according to preference ranking order, weighting, 
preference function and threshold applied to the variables (Carmody et al. 2005; 
Keller et al. 1991; Khalil et al. 2004). These terms are explained as follows: 
• Ranking order: Each criterion is specified, either top-down (maximized) or 
bottom-up (minimized) ranking order, depending on the decision of the user 
(Keller et al. 1991; Carmody et al. 2005; Purcell et al. 2005) 
• Weighting: Each variable can be weighted based on the importance of one 
criterion over the other. The higher the value assigned, the more important 
the criterion. The criterion weight is a positive value, independent of the scale 
of the criterion. However, most models initially use the default weighting 
value of 1 (Keller et al. 1991; Visual Decision Inc. 2000). 
• Preference function: The way one object is to be ranked relative to another is 
defined by a mathematical function known as the ‘preference function’ P (a, 
b). Furthermore, it translates the deviation between the evaluations of two 
objects on a single variable into a preference degree. The preference degree 
indicates an increasing function of the deviation. Therefore, the smaller 
deviations will contribute to weaker degrees of preference, whereas larger 
deviations will contribute to stronger degrees of preference (Visual Decision 
Inc. 2000). In the Decision Lab software (Visual Decision Inc. 2000), six 
functions are available, as shown in Table 4.2. 
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Table 4.2 – List of preference functions 
(Adapted from Khalil et al. 2004) 
 
• Threshold: As shown in Table 4.2, each shape of the preference function is 
dependent on the threshold values provided by the user. The threshold value 
Q, P and S are explained as follows: 
- Q is the indifference threshold. It represents the largest deviation that is 
considered to be negligible by the user when comparing two objects on a 
single variable. 
- P is the preference threshold which represents the smallest deviation that 
is considered to be decisive in comparison of two objects. P is greater 
than Q. 
- S is the Gaussian threshold. It is a middle value which is only used with 
the Gaussian preference function  
(Keller et al. 1991; Khalil et al. 2004; Visual Decision Inc. 2000). 
PROMETHEE allows the criteria to be modelled independently. A brief description 
of PROMEHEE procedures can be explained as follows: 
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• Step 1 is the transformation of the raw data matrix to a difference matrix, d. 
For each criterion, all of the column entries in the data matrix are compared 
pair wise by subtracting all possible combinations. This results in a 
difference, d for each comparison. 
• In step 2 a preference function P (a, b) for each criterion is selected to 
describe how much the outcome, a is preferred to b. Using Decision Lab 
software (Visual Decision Inc. 2000), one of six such preference functions 
available may be chosen. Weighting and threshold values for each preference 
function ranking order also need to be allocated in this step. 
• Step 3 calculates the sum of the preference values for all variables of each 
object, resulting in a value called ‘global preference index’, pi, which 
indicates the global preference of one object over another. 
• Step 4 is to compute positive (Φ+) and negative (Φ-) outranking flows from 
the pi global preference index to compare how each object (action) outranks 
the other objects. The positive outranking flow (Φ+) expresses how each 
object outranks all other objects, conversely negative outranking flow (Φ-) 
indicates how each object is outranked by all the other objects. The higher 
(Φ+) and the lower (Φ-) indicate a higher preference for an object. Up to this 
step, a partial pre-order ranking, ‘PROMETHEE I’ is the result. 
• Step 5 calculates the complete order or net outranking flow (Φ) using a 
simple set of rules described by Keller et al. (1991) in the form of Equation 
4.2. 
 (Φ) = (Φ+) – (Φ-) Equation 4.2 
This is known as ‘PROMETHEE II’. The higher the value of (Φ) for an 
object, the higher is its position in the rank order. 
GAIA is a data visualisation method which displays PROMETHEE results. GAIA is 
linked to the PROMETHEE procedure. The GAIA matrix is constructed from a 
decomposition of the (Ф) net outranking flows of PROMETHEE (Keller et al. 1991). 
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The resulting data matrix is then processed by a Principal Component Analysis 
(PCA) algorithm, and displayed on a GAIA biplot. Interpretation of the GAIA biplot 
provides guidance for the PROMETHEE ranking of the objects. Similar to the PCA 
biplot, the GAIA biplot illustrates a distribution of objects and criteria vectors. 
Additionally, it shows the decision axis pi which points to the approximate location 
of the preferred action and displays the degree of decision power. The significant 
advantage of GAIA over PCA is that the former facilitates model scenarios based on 
the choice of individual preference functions for each criterion, the choice of ranking 
sense and the criteria weights. Unlike PCA, most of the variance of the data matrix is 
explained by the two principal components in the GAIA biplot. The application of 
GAIA is detailed in the research literature (Keller et al. 1991; Ayoko et al. 2004; 
Khalil et al. 2004). The interpretation of GAIA biplot was carried out according to 
the guidelines provided by Keller et al. (1991) and Espinasse et al. (1997), as 
follows: 
• Variables are represented by vectors 
• Orientation and length of the vectors describe important information. 
• A longer vector projected in GAIA biplot represents more significant 
variables. 
• The independent variables are represented by orthogonal vectors. 
• The vectors in the same direction represent equivalent information, while 
those oriented in the opposite direction represent conflicting information. 
• Objects projected in the same direction of a particular variable are strongly 
correlated to that variable, while the opposite objects are weakly related to 
that variable. 
• Similar objects form a cluster, while dissimilar objects show different PC 
coordinates. 
• The long decision vector, pi, represents the strong decision power of the data.  
• The most supported objects to the decision are the objects with vectors 
closest to the pi vector and farthest from the origin in its direction 
 Chapter 4: Study Design and Research Tools 91 
 
4.7 Summary 
The research methodology was based on a series of field investigation, laboratory 
testing of stormwater samples and data analysis. Field investigations involved on site 
rainfall data collection, collection of inflow and outflow data for the monitored 
bioretention basin and the constructed wetland, and stormwater sample collection for 
laboratory testing. For this, measuring devices including rain gauges to measure 
rainfall, v-notch weirs with pressure sensor probe to measure the discharge, and 
ISCO water samplers were installed at the study site. All measuring devices and 
water samplers were fully automated. 
Laboratory testing was conducted to analyse the water quality in terms of the 
physical and chemical parameters of the water samples taken from the inlet and 
outlet point of the WSUD devices. The parameters included pH, EC, solids and 
nutrients. Testing procedures and methods followed Standard Method for the 
Examination of Water and Wastewater (APHA 2005) and US EPA Methods.  
The data analysis utilised univariate and multivariate statistical analysis. Pattern 
recognition methods, PCA and PROMETHEE and GAIA were selected for 
multivariate statistical analysis. Univariate statistical analysis was undertaken to 
understand the variability and distribution of the data. Multivariate statistical 
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Field investigations were focused on collecting data in relation to rainfall and flow 
entering and leaving the WSUD devices and collecting the stormwater samples at 
inlets and outlets of each device. For this purpose, well designed and built WSUD 
devices were required.   
The WSUD approach is a relatively new stormwater management concept. Due to 
the limited number of well-designed systems available in South East Queensland, a 
significant challenge was faced when selecting an appropriate study site. The study 
site and specific WSUD devices were chosen based on predetermined criteria. The 
devices were selected for evaluation of hydrologic, hydraulic and stormwater quality 
treatment processes occurring in the devices. Selected WSUD devices and their 
configurations are discussed in this chapter. 
5.2 Study Site Selection 
The study site was selected after evaluating the availability of well designed and 
built WSUD devices. The study site was required to have WSUD devices along with 
stormwater monitoring stations equipped to measure rainfall and runoff flow and 
sample collection. Additionally, the following criteria were also considered in study 
site selection:  
• The WSUD devices should have been designed and built in compliance with 
accepted standards and guidelines.  
• The monitoring stations should be well designed and implemented to enable 
the collection of appropriate rainfall and stormwater data and sample 
collection. 
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• The availability of detailed catchment maps to extract details of 
characteristics. 
• The availability of detailed drawings and specifications of the WSUD 
facilities. 
• The convenient access to the site for data and sample collection and 
maintenance. 
Based on above mentioned criteria, ‘Coomera Waters’ residential estate was chosen 
as the study site for this research since it offered a number of advantages. ‘Coomera 
Waters’ is newly developed residential area. Therefore, all facilities were assumed to 
be built according to current WSUD design procedures. A number of WSUD devices 
and monitoring stations have been installed at this site. bioretention basins, 
constructed stormwater wetlands and swales are in operation at this site. Some of the 
WSUD devices were built in series, forming WSUD treatment trains.  
5.3 Selection of WSUD Devices for Research Investigation 
A number of WSUD devices complete with monitoring stations were in operation in 
the study site. They were a bioretention swale, constructed wetland and bioretention 
basin. Among them, the bioretention basin and the constructed wetland were selected 
for further investigation. These two WSUD devices were chosen because they were 
considered to function properly and the monitoring stations installed at the inlets and 
outlets were well designed and had a history of trouble-free operation. The 
monitoring stations were fitted with V-notch flow measurement weirs, automatic 
samplers, data loggers and RF radio communications. Two automatic rainfall gauges 
were also available on site with one at the bioretention basin site and the other at the 
constructed wetland site. 
5.3.1 Constructed Stormwater Wetland 
The constructed wetland consisted of a sedimentation pond, two wetland cells and an 
overflow bypass system. There were two pipes which conveyed stormwater into the 
wetland from two separate sub-catchments. The larger pipe (750 mm diameter) 
conveyed stormwater from the larger sub-catchment while the smaller pipe (300 mm 
 Chapter 5: Study Site and Data Collection 95 
 
diameter) convey stormwater from the smaller sub-catchment. Consequently, two 
stormwater monitoring stations were required for the wetland inlets. Stormwater 
entering the constructed stormwater wetland was pre-treated in the sedimentation 
pond prior to receiving further treatment in the wetland cells. A cell inlet control pit 
as the pond outlet ensures that the stormwater enters the cells slowly as high flow 
might disturb the cells and vegetation. Additionally, the maximum inflow rate which 
was allowed to enter the wetland cells was controlled by the bypass weir. A 7 m 
wide bypass with a broad crested weir controlled the runoff level in the pond and 
once the level was exceeded, the excess runoff entered the receiving water through 
the bypass channel (see Figure 5.1). 
 
Figure 5.1 – The constructed wetland configuration 
Stormwater passing the sedimentation pond was further treated as it flows through 
wetland cells 1 and 2 respectively, before it overflows through a PVC riser. The PVC 
riser set up at the outlet control pit controlled the outflow rate, thereby managing the 
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stormwater level in the wetland cells. From the outlet control pit, the runoff flows 
though the outlet pipe to the wetland outlet station where the flow was measured and 
the samples were collected.  
5.3.2 Bioretention Basin 
The bioretention basin receives stormwater from its contributing catchment with a 
total area of 6530 m2 (see Figure 5.2). 52% of the catchment area is impervious 
which consist of six roofs, one road, and some driveways, while the pervious area 
mainly consist of lawns and yards. The slope of the catchment is between 6 and 8% 
and the width of the roads vary from 6 to 8 m.  
The stormwater from the contributing catchment flows through a drainage network 
to the bioretention basin inlet where the stormwater was monitored. A v-notch weir 
was set-up at the bioretention basin inlet to monitor the stormwater flow, and an 
automatic sampler was used to collect samples for water quality analysis. The inlet 
drained the stormwater from the catchment into the bioretention basin where it 
received treatment by filtration through the engineered filter media.  
The size of the bioretention basin was approximately 3.8% of the total contributing 
catchment area. This satisfies the guideline by SEQHWP (2006), that to remove 90% 
of TSS, a bioretention basin of 3.0% of the catchment area is required for catchments 
located in the coastal area of South East Queensland. However, this provides less 
effective hydraulic control as the US EPA (2000a) recommends that bioretention 
basins should occupy 5 - 7% of the catchment area. 
The bioretention basin area was 248 m2 with a grass bed surface. The grass 
maintained the porosity of the bioretention surface. The filter media with 0.8 m 
thickness promoted stormwater treatment through infiltration. The treated 
stormwater which infiltrated and passed the filter media drained to the 0.2 m thick 
drainage layer underneath the filter media consisting of granular material (Figure 
5.2). The bioretention basin has a network of perforated pipes in the drainage layer 
which conveyed infiltrated stormwater to the bottom part of the outlet control pit. 
The perforated pipes are installed at the bottom of the drainage layer with 0.5% 
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slope. The top weir of the outlet control pit is designed 10 cm above the elevation of 
the surface of the bioretention basin. This allows stormwater ponding up to 10 cm on 
the surface of the bioretention basin. The outlet control pit is utilised to be a bypass 
control. When the depth of stormwater exceeds 10 cm, it bypasses into the pit and no 


















Figure 5.2 – The monitored bioretention basin 
 
Like at the inlet, a V-notch weir was also installed at the outlet of the bioretention 
basin. In front of each V-notch weir, a pressure sensor was installed. This enabled 
the flow to be measured and discharge hydrographs at the inlet and the outlet of the 
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drainage pit and measured the flow exiting the perforated drainage pipe carrying 
treated water from the bioretention basin. 
5.4 Study Area Characteristics 
‘Coomera Waters’ is a master-planned residential development, which has been 
awarded an EnviroDevelopment Certification in the areas of Ecosystems, Water, 
Energy, Community and Waste. It is located in northern part of the Gold Coast City, 
about 60 km South-Southeast of Brisbane, the capital city of Queensland, Australia 
(see Figure 5.3). 
 
Figure 5.3 – Location of the study site 
(Adapted from Goway 2010) 
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Gold Coast is Australia’s sixth largest city, which covers an area of approximately 
1,402km2. The city’s boundaries extend north to Beenleigh on the edge of Brisbane, 
west to Mt. Tamborine in the hinterland interior, and south to Coolangatta on the 
border with New South Wales. 
Gold Coast encompasses a network of water bodies, which is made up of rivers and 
creeks. Many of them are directly connected to the vast constructed lakes and canals. 
A number of large and small catchments, which are naturally bounded by the 
hinterland, contribute stormwater flows to rivers and creeks. Following are the main 
catchment areas located within the Gold Coast City: 
• Southern Albert River Catchment 
• Pimpama River Catchment 
• Coomera River Catchment 
• Broadwater Catchment 
• Nerang River Catchment 
• Tallebudgera Catchment 
• Currumbin Creek Catchment 
• Pacific Beaches Catchment (including Flat Rock and Coolangatta Creek's) 
These main catchment areas contain many smaller sub-catchments. All of the Gold 
Coast catchments will be affected by population growth in the region.  
The Gold Coast’s current population is about 530,000 with annual growth rate of 
3.1%. The population is expected to increase to approximately 730,000 by the year 
2026 (GCCC 2010). Due to the extensive growth of the city, the Gold Coast City 
Council (GCCC) has actively encouraged developers to be environmentally aware by 
releasing the ‘Pimpama Coomera Water Futures (PCWF) Master Plan’. The PCWF 
Master Plan aims to secure a sustainable water future for residents of about 7,000 
hectares across the Pimpama-Coomera region. The Plan emphasises the protection of 
the environment through improved stormwater management. It utilises best 
management practices for managing stormwater using WSUD principles and applies 
the use of multiple sources of water in new developments.  
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5.4.1 Catchment Characteristics 
The selected study site on Coomera Waters is a residential area, with the portion of 
impervious area almost equal to the pervious area. Impervious areas in this site are 
made up of road pavement, driveways, pathways and roof tops. The roofs are 
constructed from coated metal. Pervious areas at this site comprise of road shoulders, 
road medians, lawns and back yards.   
It was important that sub-catchment areas of the monitored bioretention basin and 
constructed wetland were identified (Figure 5.4), as a key factor in the interpretation 
of flow data and water quality. This information was also important for analysing the 
rainfall-runoff and pollutant generation processes using stormwater modelling 
software. The required catchment information which was necessary for this study 
was gathered from field investigations, and maps and design drawings obtained from 
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Figure 5.4 shows the sub-catchment which contributes to the bioretention basin, 
highlighted by purple colour layer. After leaving bioretention basin, the treated 
stormwater enters the constructed wetland through the available drainage pipes. The 
stormwater then receives further treatment in the wetland, as part of the treatment 
train. Other than the bioretention basin sub-catchment, two other sub-catchments 
also contribute to the constructed wetland, namely “Wetland Catchment A” and 
“Wetland Catchment B”, highlighted by dark yellow and blue layers, respectively. 
The characteristics of these three sub catchment are given in Table 5.1. 
  Table 5.1 – Catchment characteristics of the study site 





Area (m2) 6,530 44,470 10,500 
Impervious area (m2) 3,402 21,348 4,940 
Impervious 
portion (%) 52.1 48.0 47.0 
Roof area (m2) 2,358 14,955 4,586 
Street area (m2) 790 4,868 44 
Drive way area (m2) 254 1,462 310 
Others (m2) 0 63 0 
The stormwater drainage network in the study site is complex (Figure 5.5). Flow 
paths were initially obtained from detailed drainage network design drawings and 
contour maps. However, the built drainage network may have changed from the 
design drawings. To determine the actual drainage network, a field survey was 
undertaken. The survey was conducted to measure invert elevation, dimensions of 
structures, length and position of each node and link in the drainage network. An 
actual contour map of the catchment was also generated from the survey results. 
Based on this survey, it was found that the slopes of the catchment land surface 
varies between 4 and 10%, with all stormwater flow conveyed to the native Melaluca 
wetland located to the north of the catchment which then flows through Mccoys 
creek to the Broadwater.  
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Figure 5.5 – Drainage network of the monitored bioretention basin and wetland 
 
5.4.2 General Rainfall Characteristics of the Site 
Coomera Waters climate is sub-tropical with a total of 1234.6 mm of rain on average 
per year based on the historical data since 1997 recorded by the closest Bureau of 
Meteorology station (Station number 040516) at Foxwell Road, Coomera, 
Queensland (Lat: 27.84oS, Long: 153.35oE, Elev: 20 m). The highest annual rainfall 
was 1941.8 mm in 1999 and lowest was 774.3 mm in 2002. Rainfall is delivered 
predominately as summer storms and February is the wettest month, recording 209.0 
mm of rainfall on average. On the other hand, winter is very dry. However, 
September is the driest month with only 50.6 mm of monthly average rainfall 
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5.5 Data Collection 
Data analysis utilised field data and stormwater samples collected and analysed since 
June 2009. Additionally, previous data collected and analysed by Queensland 
Department of Environment and Resource Management (DERM) since September 
2007 were also used to supplement the data collected. Field data collected included 
rainfall and flow data, and stormwater samples collected at the inlet and outlet of the 
monitored WSUD devices. Consequently, if rainfall or flow data or stormwater 
samples from a rainfall event were incomplete, all data from that event were 
excluded from the data analysis. From all field data collected since September 2007, 
a complete set of data from 11 rainfall events were selected for the constructed 
wetland and 12 rainfall events were selected for the bioretention basin. All field data 
and selected data used for the constructed wetland and the bioretention basin analysis 
are included in Table A.1 in Appendix A. 
There were a number of issues encountered during the operation of the stormwater 
monitoring stations at the study site which prevented the collection of complete flow 
data and stormwater samples for all rainfall events. The issues included: 
• The initial usage of Doppler devices for flow measurement in submerged 
locations did not provide good velocity readings for most events. 
• Incorrect positioning of weirs in confined spaces. 
• Inaccuracies in the program set up in the data logger which resulted in 
inaccurate reading of water head above the weir. 
• Vegetation debris in the flow blocking the weir. 
• Water turbulence disturbing the highly sensitive pressure sensor. 
• Most of the instruments were operated by electrical power, which could be 
subjected to failure due to external factors such as high temperature. 
• Blockage in the sampler hose pipe. 
• Inaccuracies in the program setup to trigger the sampler resulting in too few 
samples being taken. 
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The issues primarily arose during the initial period after the installation of the 
stormwater monitoring stations. With time and as more experience was gained it was 
possible to overcome these problems. 
5.5.1 Rainfall and Flow Data 
Rainfall data was generated from the two rainfall gauges installed at the site. It was 
necessary to have duplicate rainfall gauges to prevent data loss if one of the rain 
gauges did not function. The rainfall data was recorded in the data logger in two 
formats. Firstly, it recorded the time when the tipping bucket dispensed 0.2 mm of 
rainwater. Secondly, it recorded the rainfall depth measured by the rain gauges at 6 
minute intervals. The rainfall data in these two formats are presented in Table A.2 in 
Appendix A. 
Flow data was recorded by six stormwater monitoring stations. There were two 
stations in the bioretention basin, with one each at the inlet and the outlet. Four 
stations were installed in the constructed wetland. They were at the inlet from 
contributing catchment A, at the inlet from contributing catchment B, at the outlet 
and at the bypass weir. The data recorded in the data logger were the depth of water 
in front of the V-notch weir measured by pressure sensors. Due to rapid fluctuation 
of flows, the flow data at the inlets were recorded at 20 second intervals while in the 
outlets the flow data were recorded at every 1 minute interval. The flow data 
recorded are presented in Table A.3 in Appendix A. 
5.5.2 Stormwater Sample Collection 
The sampling methodology and sample collection procedures using automatic ISCO 
samplers were explained in detail in Chapter 4.. Details of the collected samples 
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5.5.3 Laboratory Test Results 
The stormwater samples collected in the field were transported to the laboratories for 
testing. Water quality parameters tested in this research study were explained in 
Section 4.5.1. The laboratory testing methods for the water quality parameters were 
explained in detail in Section 4.5.2 to Section 4.5.5. The complete laboratory testing 
results are presented in Table A.4 in Appendix A. 
5.6 Summary 
The residential development, Coomera Waters was chosen as the experimental study 
site, since this site fulfilled the predetermined criteria. A number of WSUD devices 
are in operation at this site. The site was a typical residential area with about 50% 
impervious area. Impervious area mainly consisted of road surfaces, driveways and 
roofs while pervious area mainly comprised of front lawns, back yards and road 
median and shoulder.  
Among WSUD devices installed at this site, a bioretention basin and a constructed 
stormwater wetland were selected for detailed investigations as part of this research 
study. A network of rain gauges and stormwater monitoring stations were installed to 
collect detailed rainfall, stormwater flow data and to collect stormwater samples for 
laboratory analysis. The data used for the analysis was obtained from a set of 11 
rainfall events for the constructed wetland and from a set of 12 rainfall events for 
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A diverse range of processes are involved in stormwater treatment in constructed 
wetlands including settling of particulates under gravity, filtration, adsorption, 
vegetation uptake and biological decomposition (Kadlec and Knight 1996; Wong et 
al. 1999; Spieles and Mitsch 1999). These processes are affected by a range of 
hydraulic factors such as hydraulic loading, retention time, water depth, and quality 
and quantity characteristics of the inflow. Among all influential hydraulic factors, 
hydraulic loading rate and retention time are considered as the two most important 
factors (Carleton et al. 2001; Holland et al. 2004; Chang et al. 2007; Bastviken et al. 
2009; Fisher et al. 2009).  
A range of studies have been conducted to evaluate the hydraulic factors that 
influence wetland treatment performance. However, most of these studies used 
computer simulations to predict the hydraulic characteristics based on empirical 
formulae with simplifying assumptions of the related hydrologic and hydraulic 
conditions. Most of the studies have also focused on long term or event based 
assessment where hydraulic factors were generated on a lumped basis. There is 
limited information available to understand the hydraulic processes that occur during 
the treatment of stormwater. Therefore, a model which can predict changes in 
hydraulic factors during the occurrence of a rainfall event was required for this 
study. Accordingly, a conceptual model to replicate constructed wetland hydraulic 
conditions was developed. 
This Chapter initially discusses the development of the constructed wetland 
conceptual model which enabled the generation of influential hydraulic factors 
essential for water quality treatment performance analysis. The developed model is 
explained in Section 6.2, and the model is provided as a Microsoft excel file. Water 
quality treatment performance analysis presented in this Chapter was undertaken 
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using multivariate chemometrics methods. Data from the monitored constructed 
wetland discussed in Chapter 5 and simulation outputs from the conceptual model 
was used in the analysis. The analysis was undertaken to quantify pollutant removal 
efficiencies and their correlation with rainfall, runoff and the influential hydraulic 
factors of the wetland. 
6.2 Development of Wetland Hydraulic Conceptual Model 
Field investigation generated only inflow and outflow data for constructed wetland, 
while a range of other influential hydraulic factors were required for the analysis. 
Typically, influential hydraulic factors have been developed using lumped modelling 
approaches. However, these influential hydraulic factors can vary during an event. 
Therefore, their influence on treatment can vary as the event progresses. Variation in 
hydraulic factors during an event can only be generated using a detailed modelling 
approach. Due to this reason, a conceptual modelling approach was developed to 
replicate hydraulic conditions within the wetland. The model was developed to 
represent water movement through the wetland. The basic concept incorporated in 
the model is the water balance approach. This considers the wetland components, 
that is, the inlet pond and its cells as storages interlinked via inlet/outlet structures. 
Water balance in each of these interlinked storages was replicated using a standard 
water balance equation as shown in Equation 6.1.   
 
 ∆< = <=∆ − < = >. ∆/ − ?. ∆/ Equation 6.1 
 
Where  ∆S = change in storage volume (m3) 
 ∆t  = time interval (sec) 
 St = storage volume (m3) at the beginning of the time interval ∆t  
 St+∆t = storage volume (m3) at the end of the time interval ∆t  
 I = inflow discharge rate (m3/sec) 
 O = outflow discharge rate (m3/sec) 
The inflow to the wetland system comprises of inflow from inlet structures and 
direct precipitation to the wetland area and seepage from groundwater. Outflow from 
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the wetland system comprises of outflow through the outlet structure, percolation 
and evapotranspiration. All inflow and outflow components mentioned above were 
included in the model developed. In this regard, inflow as seepage from the 
surrounding soil was considered negligible. The water flow within the wetland  was 
replicated using the schematisation shown in Figure 6.1. Stormwater entering the 
wetland system is through the inlet structure to the inlet pond (1). The water then 
flows to wetland cell 1 through a concrete pipe controlled by an inlet pit (2). High 
inflow creates high free surface elevation in the inlet pond leading to part of the 
inflow to bypass through a channel (3). The water from wetland cell 1 flows into 
wetland cell 2 through a 1 meter wide channel (4) which is assumed as a broad 
crested weir. The water in wetland cell 2 leaves the wetland system through a PVC 
riser (outlet structure) (5). Details of the replication equations used are explained in 
the following Sections. 
  
Figure 6.1 – The schematic of stormwater flows in the wetland system 
6.2.1 Generating the Volume versus Depth Curve 
Accurate estimation of storage volume played a pivotal part in the constructed 
wetland conceptual model. Due to the potential changes in bathymetry from its 
design configuration over time, outcomes from a specially conducted field 
bathymetry survey were used for the development of the three-dimensional 
topography of all the wetland cells. The wetland bathymetry contour map resulting 
from this survey is presented in Figure 6.2. Based on this 3D topography, volume 
versus depth curves were developed for each wetland cell and inlet pond. The curves 
are presented in Figure C.1, in Appendix C. 
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Figure 6.2 – The wetland contour map 
Water flows from inlet pond to cell 1 and from cell 1 to cell 2 was calculated based 
on the difference in free surface elevations. Free surface elevation in each storage 
device therefore, acts as the control parameter in the model. Free surface elevation 
was obtained based on the volume versus depth relationships developed for each 
storage component. For this, volume versus depth relationship in the form of 
regression equations was used.  
CurveExpert software Version 1.40 (Hyams 2009) was used to develop the 
regression formulae for each wetland component. Volume versus depth relationship 
for all wetland components were developed using Morgan-Mercer-Flodin (MMF) 
regression model. The model is widely known as a non-linear growth model. This 
model was selected primarily due to its best-fit. The MMF regression models for all 
wetland components provided satisfactory accuracy with high coefficients of 
determination (R2) and low standard error (S). The model coefficients, R2 and S 
values are presented in Table C1 in Appendix C.  
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6.2.2 Flow through Wetland Cells and Bypass  
A. Water Flow from Inlet Pond to Cell 1 
Stormwater flow from inlet pond to wetland cell 1 is through a pit and pipe 
arrangement as shown in Figure 6.4. The concrete pipe discharging water from pit to 
cell 1 has a diameter of 350 mm. This pipe is typically submerged, below the free 
surface level of the pit and wetland cell 1. In such a scenario, stormwater flowing 
through this pipe is dependent on the flow through the rectangular control pit. The 
pit has 15 cm thick concrete walls with length and width of 1.90 m and 1.00 m, 
respectively. Based on this configuration, the flow from inlet pond to the wetland 
cell 1 was modelled for two different scenarios (see Figure 6.3) and the governing 
scenario was taken into account. The first scenario was when the free surface 
elevation in the wetland cell 1 is relatively low and the flow from inlet pond to cell 1 
is controlled by the flow entering the pit. Under this scenario, the pipe is assumed to 
have adequate capacity to convey the flow. The second scenario is when the water 
free surface elevation in wetland cell 1 is above a threshold and the resulting 
backwater influences the water level in the inlet pond. Under this scenario, flow 
from inlet pond to cell 1 was modelled by estimating discharge capacity through the 
pipe.   
For scenario 1, water entering the pit was assumed as flow through a broad-crested 
weir. The weir width was taken as the inner perimeter of the pit. According to 
Gerhart and Gross (1985), the discharge through a broad-crested weir can be written 








Figure 6.3 – Flow from wetland inlet pond to wetland cell 1 
 
 ) = *+	 24@5628		A	9
@ 4⁄
 Equation 6.2 
Where: Q  = Discharge 
 Cd = Discharge coefficient 
 g = Acceleration due to gravity 
 L = Weir width  
 H = Head above the weir crest 
The theoretical value of Cd which is -√@ was used as an initial estimate. Value used 
for Cd during simulations was obtained using a calibration process.  
Since the flow velocity was relatively low in the second scenario, the entry loss and 
frictional head loss was not considered to be significant. Therefore, the simplified 
flow equation as shown in Equation 6.3 was used to replicate the second flow 
scenario. In this equation, discharge coefficient (Cd) was used to compensate other 
minor losses.  
 ) = *+	C	628	9D − ED Equation 6.3	
Scenario 1 
Scenario 2 
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Where: Q  = Discharge (m3/sec) 
 Cd = Discharge coefficient 
 A = Cross section area of the inner pipe (m2) 
 g = Acceleration due to gravity (m/sec2) 
 Hw = Head water (water elevation in the pond) (m) 
 Tw = Tail water (water elevation in the wetland cell 1) (m)  
The initial discharge coefficient of 0.6 was used in the model and the actual 
discharge coefficient was obtained during model calibration. 
B. Water Flow from Cell 1 to Cell 2 
The flow of water from cell 1 to cell 2 was considered as the flow through a broad-
crested weir, equivalent to the flow described in Equation 6.3. The weir width (L) 
was estimated based on the opening shown in the bathymetric survey and the head 
(H) was the height of free water surface elevation in cell 1 from the crest. However, 
when the water level in cell 2 rose above the weir crest, then the difference in the 
surface water elevation between cell 1 and cell 2 was assumed as the head (H). 
C. Water Bypass 
Bypass from detention pond is over a 7 m wide broad-crested weir. It was designed 
to bypass excess water above the crest of the weir to flow across to the bypass 
channel. The model adopted an equation similar to Equation 6.2 to replicate the 
bypass flow. 
6.2.3 Modelling the Outlet 
Retention time in a wetland is significantly influenced by the outlet structure. For 
example, Konyha et al. (1995) in their study found that an orifice outlet structure 
would provide longer retention time than a weir outlet structure. In their study 
involving simulation of 100 years of rainfall events, Wong et al. (1999) reported 
different performances of outlet structures and suggested that a riser outlet gives the 
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best performance. The monitored wetland in this study utilises a PVC riser outlet, 










Figure 6.4 – The configuration of the PVC riser 
 
Two scenarios were used to model this outlet using the conceptual model. In the first 
scenario, when a slot is fully submerged, the flow was assumed as flow through a 
small orifice as shown in Figure 6.5. Flow through a fully submerged orifice was 
calculated using Equation 6.4. 
 ) = *+	C	628	9 Equation 6.4 
Where: Q  = Discharge (m3/sec) 
 Cd = Discharge coefficient 
 A = Cross section area of the slot (m2) 
 g = Acceleration due to gravity (m/sec2) 
 H = Head from the centre of the slot (m) 
 
 
ø 150mm PVC riser with  
ø 20mm slots as shown 
ø 150mm 
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Figure 6.5 – Flow through a small orifice 
(Adapted from Brater and King 1996) 
 
In the second scenario, when a slot is partially filled, flow was calculated 
considering it operates as a circular sharp-crested weir (Figure 6.6). Assuming that 
the approach velocity is negligible, theoretical discharge Qt through circular sharp-
crested weir was derived from first principles as shown in Equation 6.5. 
 )/ = F 628	9 − GH E +G Equation 6.5 
Where: g = The acceleration due to gravity (m/sec2) 
 H  = Flow depth above the weir crest (m) 
 y = Vertical distance from an element strip of thickness dy to the weir 
crest (m) 
 T = Width of the weir cross section at y (m) 
116  Chapter 6: Analysis of Constructed Wetland Performance 
 
 
Figure 6.6 – Flow through a circular sharp-crested weir 
(Adapted from Vatankhah 2010) 
As reported in research literature, integration of the theoretical discharge as given in 
Equation 6.5 is not easy. In this regard, the equation form developed by researchers 
such as Greve (1932) and Stevens (1957) was used for this model. They have 
expressed discharge through a circular sharp crested weir as shown in Equation 6.6.  
) = 0.3926*+6289@ 4⁄ L- 4⁄ 	61 − 0.2200L + 61 − 0.7730L Equation 6.6 
Where: Cd = The discharge coefficient 
 g  = The acceleration due to gravity (m/sec2) 
 H  = Flow depth above the weir crest (m) 
 D = The diameter of circular weir (m) 
 η = The filling ratio (=H/D)  
Researchers have noted a diverse range of experimental values for discharge 
coefficient (Cd) in Equation 6.6. For this study, the equation presented by Vatankhah 
(2010) was used to estimate Cd (Equation 6.7).   
 *+ = .O4,=.4PQ-=.RR,6Q  Equation 6.7 
However, the value obtained using Equation 6.7 was only used as an initial value. 
The actual Cd value was obtained during the calibration process. 
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6.2.4 Percolation, Evapotranspiration and Direct Precipitation 
Percolation and evapotranspiration are two important factors influencing the wetland 
water balance. Percolation refers to the downward movement of water through the 
soil. Evapotranspiration is the sum of evaporation and plant transpiration from the 
wetland surface and vegetation (Davie 2008; McCuen 2005).  
A range of methods are available to estimate percolation rates. However, in the 
model developed a constant percolation rate was used to ensure simplicity of the 
model. Initial percolation rate was selected based on the bed soil characteristics. The 
monitored wetland bed consisted of silty clay soil and approximate percolation rate 
was estimated as 5 x 10-4 m/h (Rawls et al. 1983). The actual percolation rate was 
obtained during model calibration. A range of methods are available to estimate 
evapotranspiration. Estimation of evapotranspiration requires a range of 
meteorological parameters such as temperature, wind speed, relative humidity and 
solar radiation to be considered (Penman 1948; Thornthwaite 1948). For the 
developed wetland conceptual model, a constant daily evapotranspiration rate 
obtained from the Bureau of Meteorology Australia (BOM Australia 2011) was used 
to ensure simplicity.  
Direct precipitation into the wetland perimeter is also an important input to assess 
the water balance for the wetland. Direct precipitation considered in the conceptual 
model consisted of two parts. Firstly, rainfall falls directly into wetland surface water 
area, which was considered as equivalent to the rainfall depth. Secondly, rainfall 
falls into the wetland perimeter with no contribution to the piped flow network. This 
was estimated by multiplying rainfall depth with a runoff coefficient. Runoff 
coefficient of 0.7 was considered acceptable to compensate for the loss of water due 
to interception and infiltration.  
6.3 Model Calibration 
Calibration was undertaken to obtain model parameters ensuring that the model was 
performing as close as possible to the constructed wetland system. A trial and error 
method was used in the calibration procedure. In this procedure, simulation results 
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were visually compared with measured data as explained in Section 5.5.1. Data and 
comparisons are available in Table A.3 in Appendix A. Simulation results were 
obtained using various combinations of the parameter set and the best performing 
parameter set based on visual comparison was selected for further simulation (Gupta 
and Sorooshian 1998; Li and Yeh 2002).  
In order to obtain a good comparison during the calibration process, a noise 
suppression technique was required to reduce the data noise due to the sensitivity of 
the pressure sensor reading the fluctuating water depth in the V-notch weir boxes. In 
this study, the average method was used for noise suppression, by averaging several 
data points before and after each data point as a corrected data point. The typical 
hydrographs before and after reducing noise using the averaging method are shown 
in Figure 6.7. 
 
Figure 6.7 – Hydrograph before and after noise suppression 
The model calibration was done using data from eleven storm events during April 
2008 to March 2011 period, and the calibration results were found to be satisfactory. 
To assess the accuracy of the calibrated model, the study adopted a well-known 
statistical analysis method developed based on the regression analysis technique 
(Chatterjee and Hadi 2006; Rawlings et al. 1998). In this method, coefficient of 
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determination (R2) which can be used to measure the ‘goodness-of-fit’ of the 
estimated model is calculated based on regression residual by taking time as the 
independent variable (x) and measured and model values as dependent variables. The 
residual (ûi) associated with each paired data values (measured and model) is the 
vertical distance between the measured value (yi) and model value (ŷi) which can be 








                                                                      
Figure 6.8 – Regression residual 
(Adapted from Rawlings et al. 1998) 
The R2 value is calculated using Equation 6.8 (Chatterjee and Hadi 2006). 
 S4	 = 1	 − 	 TTUTTV = 1	 −	
∑ XYXZY[Y\]
∑ XYX[Y\]
	  Equation 6.8 
Where: R2 = Coefficient of determination 
 SSR  = The sum of the squared residuals and can be expressed as 
<<S = ∑G^ − GZ^4 = ∑_Z^4 
 SST  = Total sum of squares and can be expressed as ∑G^ − G4. 
 G^ = Measured value of dependent variable 
 GZ = Model value of dependent variable 
 G = Mean value of dependent variable 
y 
x 
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The sum of squared residuals (SSR) represents the residuals/errors of the model to 
the measured data while the total sum of squares (SST) represents the variation of the 
dependent variable around its mean. Therefore, TTUTTV can be defined as the proportion 
of the residual to the variation in the dependent variables. R2 can be written as 1 
minus the proportion of the residual to the variation in the dependent variable and 
must be bounded by 0 and 1 (0 < R2 < 1). The higher the R2 value, the better the 
model or the closer the value of R2 to 1, the closer the model to the data points 
(Rawlings et al. 1998).  
An example of a typical analytical result showing the goodness-of-fit of the 
developed wetland conceptual model hydrograph for the measured data is presented 
in Figure 6.9. 
 
Figure 6.9 – Measured and model discharge hydrograph 
Analysis result showing the coefficient of determination R2 for all wetland 
measured-model hydrographs can be seen in Table 6.1. Table 6.1 shows that the R2 
values for the eleven storm events range from 0.80 to 0.97. This is considered 
satisfactory suggesting that the approach used to develop the model is satisfactory. 
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Table 6.1 – The goodness-of-fit, coefficient of determination R2 
No. Storm event R2 
1 05-04-2008 0.80 
2 18-04-2008 0.93 
3 29-05-2008 0.89 
4 11-02-2009 0.95 
5 04-03-2009 0.85 
6 29-01-2010 0.90 
7 18-04-2010 0.96 
8 23-06-2010 0.89 
9 19-07-2010 0.89 
10 02-03-2011 0.97 
11 29-03-2011 0.86 
  Average 0.90 
 
Note:  Minimum R2 = 0.80, maximum R2 = 0.97 and average R2 = 0.90 (printed 
in bold) 
 
6.4 Generating Hydraulic Factors from the Model 
The purpose of the wetland conceptual model was to generate the influential 
hydraulic factors for the analysis of water quality treatment performance. The 
selected influential hydraulic factors were retention time, outflow peak, outflow 
volume, average outflow discharge and average depth of water in wetland cells. The 
developed model was capable of generating hydraulic factors on an event basis as 
well as in time steps within a given event. Event based hydraulic factors obtained 
from the conceptual model are presented in Table 6.2.  
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  Table 6.2 – Hydraulic factors generated from the wetland conceptual model 














(day) (L/sec) (L/sec) (m
3
) (m) 
1 05-04-2008 2.98 1.163 0.642 98 0.350 
2 18-04-2008 2.56 2.319 1.197 493 0.465 
3 29-05-2008 2.37 2.696 1.564 524 0.539 
4 11-02-2009 3.97 1.071 0.302 168 0.250 
5 04-03-2009 4.31 0.753 0.282 44 0.270 
6 29-01-2010 2.48 2.477 1.255 594 0.452 
7 18-04-2010 3.15 1.768 0.883 383 0.403 
8 23-06-2010 4.24 0.969 0.398 93 0.283 
9 19-07-2010 2.97 1.513 0.637 228 0.327 
10 02-03-2011 1.92 2.536 1.358 251 0.497 
11 29-03-2011 2.22 2.242 1.101 255 0.443 
 
6.5 Assessment of the Wetland Hydrologic Effectiveness 
Inlet systems are designed to allow optimum volume and rate of flow of stormwater 
into the constructed wetland. Typically, constructed wetlands which receive high 
volumes and rate of flow can act as pollutant sources rather than treatment devices. 
This leads designers to maintain optimal hydraulic conditions within constructed 
wetlands, by providing bypass systems. Bypass systems reduces effectiveness of 
constructed wetlands by limiting the flow entering the system. Hydrologic 
effectiveness is expressed as a percentage of the mean annual volume of stormwater 
runoff captured and treated within the wetland with respect to the mean annual 
runoff volume generated from the contributing catchment. In South East Queensland 
(Australia) catchments, the hydrologic effectiveness of a well-designed constructed 
wetland is expected to be greater than 80% (SEQHWP 2006).  
Eleven storm events were analysed to assess the hydraulic effectiveness of the 
constructed wetland investigated. From these, six storm events were bypassed (see 
Table 6.3). Such rates of bypass seem too frequent for a well-designed system. Table 
6.3 shows that the rainfall depth is the highest influential factor contributing to 
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bypass, as most of the bypass occurred during storm events with high rainfall depth. 
However, other factors such as rainfall intensity and duration may also affect the 
amount of bypass stormwater. For example, storm 9 with rainfall depth of only 9.6 
was bypassed while storm 2 with rainfall depth of 18.4 was not bypassed. To 
understand the effectiveness of the wetland in-depth, further analysis was conducted.  
Table 6.3 – Recorded rainfall depth, volume treated and bypassed 
 
Note:  Storm event number 3, 6, 7, 9, 10 and 11 (printed in blue) were bypassed 
with the volume bypassed printed in red. 
In this study, ARI of measured storm events were estimated and presented in Figure 
6.10. For this, Australian Rainfall and Runoff (AR&R) procedure was used to 
calculate intensity-frequency-duration (IFD) for standard ARIs of 1 year to 100 
years. This procedure is explained in detail in Australian Rainfall and Runoff, 
Volume I, Book Two: Design rainfall considerations (Institution of Engineers 1997).  
IFD information estimated for standard ARIs were extrapolated to obtain the IFD 
information for 0.5, 1, 3, 6 and 9 months using regression analysis. It was found that 
the logarithmic trend-line performed best for this extrapolation. IFD for each 
measured storm event was also plotted together with the extrapolated IFD curves in 
Figure 6.10.  
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Figure 6.10 – IFD curves of designed ARIs and recorded storm events 
In Figure 6.10, the IFDs that produce bypass flow are plotted using bold lines. From 
eleven recorded rainfall events investigated in this study, rainfall events larger than 1 
month ARI were subjected to bypass. Even though the fact that the constructed 
wetland system was designed having an equivalent area of 3% of its contributing 
catchment, such high frequency of bypass may lead to reduced effectiveness of the 
wetland in receiving and treating stormwater. This finding agrees with the analysis 
by Parker (2009) who assessed the hydrologic effectiveness of the monitored 
wetland using MUSIC software. His analysis showed that the constructed wetland 
was undersized with hydrologic effectiveness of only 38% while the rest 62% of 
stormwater bypassed the treatment zone of the wetland. Typical WSUD designs in 
South East Queensland are targeted to treat runoff of up to 3 months ARI rainfall 
with hydraulic effectiveness of greater than 80% (SEQHWP 2006). Failure to 
achieve this target can significantly reduce the effectiveness of the system and could 
be attributed to design, construction or management factors. 
6.6 Water Quality Responses of the Wetland 
As explained in Chapter 5 there was three sub-catchments which contributed to the 
constructed wetland. They were the Bioretention Catchment, Wetland Catchment A 
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and Wetland Catchment B. Stormwater from Bioretention Catchment and Wetland 
Catchment A enter the wetland system through the “Wetland Inlet A Station” while 
stormwater from Wetland Catchment B enter the wetland system through the 
“Wetland Inlet B Station”. In each station, the inflow discharge was measured and 
stormwater samples were taken. It should be noted that the impervious surface areas 
of these two contributing catchments were different. The impervious areas of inlet A 
contributing catchment consisted of 70% roofs, 22.9% streets and 6.9% driveways, 
while the impervious area of inlet B contributing catchment consisted mainly of 
roofs (92.8%) and only 0.9% and 6.3% of streets and driveways, respectively.  
The water quality and pollutant loads at inlet A and inlet B contributing catchments 
were analysed using Principal Component Analysis (PCA). This was to identify the 
correlation between catchment and rainfall characteristics. PCA was used as it is 
capable of analysing multiple variables and for ease in interpretation. A detailed 
discussion of PCA techniques is available in Section 4.6.2.   
The data used for PCA was arranged in a matrix as shown in Table 6.4. The 
variables used for the analysis were the water quality and pollutant event mean 
concentrations (EMC) including pH, EC, TSS, nitrogen compounds (NH4, NO2, NO3 
and TN), and phosphorus compounds (PO4 and TP). Data from wetland inlet A, 
wetland inlet B and wetland outlet stations for the selected eleven rainfall events 
were used as objects in the data matrix. The EMC is the volume weighted mean 
concentration during the storm flow conditions and mathematically defined as 
presented in Equation 6.9. 
 EMC = 	∑ab∑a   Equation 6.9 
Where: EMC = Event mean concentration (mg/L) 
 Ai  = Volume of water (m3) during certain time interval i  
 Ci  = The measured pollutant concentration (mg/L) represents the 
concentration during time interval i  
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Table 6.4 – Event mean water quality and pollutant concentration data matrix 
 
The objects were labelled to indicate the measured station and the rainfall events. For 
example, objects from the inlet A station were labelled as WAx, from the inlet B 
station WBx, and from the outlet WOx, where x represents the rainfall event number. 
For example, the WA9 sample means the sample was collected from the inlet A 
station representing rainfall event number 9 that was measured on 19-07-2008. In 
order to the enhance outcomes from the PCA, the dataset was standardised. The 
biplot of the first two principal components resulting from the PCA is shown in 
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Figure 6.11. The variance accounted by the first two principal components is 69.7% 












Figure 6.11 – Biplot of the water quality and pollutant event mean concentration 
As shown in Figure 6.11, EMC of pollutants for the two inlets are clustered into 
distinct spaces and labelled as Cluster A and Cluster B while objects representing 
outflow are clustered separately (Cluster C). Figure 6.11 shows that the objects from 
catchment A are clustered in the direction where the TSS vector is pointed. This 
suggests that stormwater runoff monitored at inlet A is consistently high in TSS 
compared to the runoff monitored at inlet B.  This can be confirmed by data from 
Table 6.4 which shows the average of TSS EMC from inlet A as 55.71 mg/L while 
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differences in catchment characteristics between A and B. The area of Inlet A 
contributing catchment is larger than B, while the street area of inlet A contributing 
catchment is 22.9% compared to 0.9% of B. This confirms the previous research 
finding that higher TSS concentrations are associated with stormwater runoff from 
roads, due to their lower elevation and vehicular traffic (Duncan 1999; Brodie 2007). 
As shown in Figure 6.11, TSS vector is highly correlated with phosphorus 
compounds (PO4 and TP). This high correlation indicates that the phosphorus 
compounds are mostly available in particulate form. This confirms the finding by 
past researchers who noted that phosphorus was closely associated with suspended 
solids in stormwater runoff (Williamson 1985; Haygarth and Jarvis 1997; Uusitalo et 
al. 2000; Kwong 2002). Therefore, like TSS, phosphorus concentration was found to 
be higher at inlet A. Nitrogen compounds (NO2, NO3, NH4 and TN) and TSS on the 
other hand show very low to no correlation as seen in Figure 6.11. This indicates that 
the nitrogen compounds are primarily in soluble form (Taylor et al. 2005; Vaze and 
Chiew 2004; Wong  et al. 2000).  
Furthermore, Figure 6.11 shows that most pollutant loading vectors are pointed 
towards wetland inlet A (Cluster A) or wetland inlet B sample objects (Cluster B) 
and opposite to the wetland outlet sample objects (Cluster C). This indicates the 
reduction in concentration of the pollutants at the outlet compared to the flow at the 
inlet, confirming that significant pollutant treatment occurred in the wetland. 
The wetland outlet samples contained high electrical conductivity (EC). EC is 
normally employed to measure salinity. Sources of salinity in a wetland are generally 
from surface runoff and groundwater. However, the high salinity in the monitored 
wetland did not originate from the surface runoff as the EC measured in both 
wetland inlet stations was very low, less than one fifth to the EC measured at the 
wetland outlet station. Therefore, the most probable source of the salinity to the 
wetland is the groundwater. After a rainfall event, the stormwater in the wetland is 
released through the outlet and the water level in the wetland decreases. As the water 
level decreases, the seepage from groundwater can flow back to the wetland carrying 
high concentration of salts which are then deposited in the wetland causing high 
salinity.  
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Kadlec and Wallace (2009) reported that EC of the inlet and outlet water are close to 
the same. They found that from the 17 wetland systems across the US, the outlet EC 
averaged 98% ± 2% of the inlet EC. This represents long-term mean performance, 
over an average of five years of the wetland systems they observed. However, the 
systems they observed were for wastewater and agricultural water treatment and not 
for stormwater treatment. The stormwater entering the inlet of the wetland in an 
urban residential area typically has low salinity. 
6.7 Analysis of Wetland Treatment Performance on Lumped Basis 
Performance evaluation of the monitored wetland in this study was first investigated 
to evaluate its treatment efficiency. The analysis was on lumped basis focusing on 
the event mean concentration reduction. Since there was no significant amount of 
stormwater losses in the wetland water budget, the lumped basis hydraulic and water 
quality analysis was to focus on the event mean pollutant concentration reduction. 
Univariate statistical analysis was performed first to understand the magnitude and 
the distribution of the data, followed by multivariate data analysis to identify the 
relationship between observed variables. Analysis on lumped basis was on the 
overall performance of the wetland. Stormwater wetlands utilise a diverse range of 
processes to remove pollutants such as sediments, nutrients, metals, hydrocarbons 
and pathogens. These mechanisms include settling of particulate matter under 
gravity, filtration, adsorption, microbial decomposition (nitrification and 
denitrification) and uptake of dissolved pollutants by biotic communities (i.e. 
vegetation and bacteria) (Kadlec and Knight 1996; Wong et al. 1999; Spieles and 
Mitsch 1999).  
The performance of the wetland in removing pollutants was first evaluated by 
analysing its removal efficiency. The event mean pollutant concentration data matrix 
in Table 6.4 was used to calculate the event mean concentration reduction of the 
pollutants. Equation 6.10 was used. 
 EMCR = 	 debY[fghdebijhfghdebY[fgh × 100%  Equation 6.10 
130  Chapter 6: Analysis of Constructed Wetland Performance 
 
Where: EMCR  = Event mean concentration reduction (%) 
 EMCinlet  = Pollutant event mean concentration at the inlet  
 EMCoutlet  = Pollutant event mean concentration at the outlet 
Based on the analysis of the inlet and outlet water samples taken from the wetland 
from April 2008 until March 2011, the results illustrate the variability in pollutant 
removal efficiency of the wetland. The univariate statistical analysis was first 
performed by calculating mean, minimum, maximum, standard error, standard 
deviation and variance as shown in Table 6.5. 




Pollutant EMC Reduction (%) 
TSS NH4 NO2 NO3 TN PO4 TP 
1 05-04-2008 82 93 27 78 62 93 62 
2 18-04-2008 92 70 7 52 12 84 72 
3 29-05-2008 86 84 14 28 43 79 89 
4 11-02-2009 64 74 3 85 4 87 42 
5 04-03-2009 68 68 -4 86 23 78 -4 
6 29-01-2010 19 100 -49 24 17 48 10 
7 18-04-2010 59 -118 19 54 23 28 -2 
8 23-06-2010 79 24 40 65 33 25 -1 
9 19-07-2010 63 100 67 62 51 82 5 
10 02-03-2011 7 15 75 59 41 62 18 
11 29-03-2011 13 100 26 1 14 87 50 
Average 58 58 55 21 54 29 69 
Minimum 7 7 -118 -49 1 4 25 
Maximum 92 92 100 75 86 62 93 
Std. Deviation 30 30 64 34 27 18 24 
Variance 925 925 4136 1151 725 335 592 
Note:   When no concentration was detected in the outlet, the resulting 
concentration reduction was taken 100%.  
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Table 6.5 shows the high variability in pollutant reduction in the wetland indicated 
by high variances and standard deviations. The TSS removal was 7% to 92% with an 
average of 58%. For the eleven storm events, the average removal of nitrogen 
species (NH4, NO2, NO3 and TN) were 55% (ranged from -118% to 100%), 21% 
(ranged from -49% to 75%), 54% (ranged from 1% to 86%) and 29% (ranged from 
4% to 62%), respectively. While the average removal of phosphorus compounds 
(PO4 and TP) were 69% (ranged from 25% to 93%) and 31% (ranged from -4% to 
89%), respectively. 
Numerous evaluations of wetland treatment performance have been conducted by 
researchers over the past decades. The reported performance in removing pollutants 
has been inconsistent. This was attributed to differences in wetland design, seasonal 
changes and temperature, and differences in hydraulic factors between systems 
(Brydon et al. 2006; Gaul et al. 1999; Rousseau et al. 2008). Carleton et al. (2000) 
found that even though wetlands provide excellent water quality improvement for 
some events, there was high variability in the results. He reported TN removal being 
in the range of -193% to 99% and TP removal in the range of 55% to 89%. 
Similarly, Birch et al. (2004) found large variability in pollutant removal efficiency 
of a constructed stormwater wetland in Sydney. They reported that the mean removal 
efficiency for TSS by the wetland ranged between -98% and 46%. The mean 
removal efficiency for TKN and NOx were 9% (ranged from -34% to 58%) and 22% 
(ranged from -20% to 75%), respectively, and the mean removal efficiency of TP 
was 12% (ranged from -14% to 39%). Furthermore, studies in the United States have 
reported that nitrogen removal has ranged from 25 to 85% (US EPA 1988). 
Further analysis of the data set was conducted to evaluate the correlation between 
water quality treatment performance and hydraulic factors of the wetland. For this, 
the EMC reduction of TSS, TN and TP were selected to represent the water quality 
treatment performance. Wetland hydraulic factors included in the analysis were 
average outflow discharge, volume of stormwater treated, average depth of water in 
the wetland and retention time. The analysis was undertaken using PCA. The data set 
was arranged with pollutant reductions and wetland hydraulic factors as the matrix 
variables and eleven rainfall events as the objects (see Table 6.6).  
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% EMC Reduction Hydraulic Factors 











(L/sec) (m3) (m) (day) 
TSS-R TN-R TP-R OQ VT AD RT 
05-04-2008 W1 82 62 62 0.642 98.09 0.35 2.98 
18-04-2008 W2 92 12 72 1.197 493.05 0.46 2.56 
29-05-2008 W3 86 43 89 1.564 524.32 0.54 2.37 
11-02-2009 W4 64 4 42 0.302 167.52 0.25 3.97 
04-03-2009 W5 68 23 -4 0.282 44.19 0.27 4.31 
29-01-2010 W6 19 17 10 1.255 594.01 0.45 2.48 
18-04-2010 W7 59 23 -2 0.883 383.09 0.40 3.15 
23-06-2010 W8 79 33 -1 0.398 93.14 0.28 4.24 
19-07-2010 W9 63 51 5 0.637 227.77 0.33 2.97 
02-03-2011 W10 7 41 18 1.358 250.73 0.50 1.92 
29-03-2011 W11 13 14 50 1.101 255.36 0.44 2.22 
Wetland hydraulic factors were included in this analysis in order to obtain a clear 
understanding of the linkage between wetland hydraulic conditions and treatment 
performance. The analysis was conducted to define the correlation between rainfall 
characteristics, hydraulic factors and pollutant reduction. For this purpose, the storm 
events as the objects of the data matrix in Table 6.6 were classified into three rainfall 
categories; large, medium and small rainfall events.  
The objects used for the analysis were classified into the three categories for the 
convenience of interpretation. The classification was based on the rainfall depth and 
the volume treated in the wetland, termed as large, medium and small rainfall 
category as presented in Table 6.7. The rainfall events with relatively high rainfall 
depth were classified as large rainfall. They are the rainfall event numbers 2, 3, 6 
and 7. Rainfall event number 10 with 20.2 mm depth seems to be high. However, it 
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was excluded from the large rainfall category as a significant amount of runoff from 
this rainfall was bypassed and only a small amount was treated in the wetland. The 
storm events with relatively low rainfall depths were classified as small rainfall. 
They are rainfall event number 1, 5 and 8. Even though the rainfall event number 4 
received only 6.8 mm depth, it was excluded from the small rainfall category as the 
runoff volume generated was quite significant (168 m3). The rainfall events which 
were not classified as large rainfall or small rainfall were classified as medium 
rainfall. For subsequent analysis, large rainfalls were colour coded in red, medium 
rainfall in green and small rainfalls in blue as shown in Table 6.7. 
















1 05-04-2008 W1 6.4 98.1 Small 
2 18-04-2008 W2 18.4 493.1 Large 
3 29-05-2008 W3 44.6 524.3 Large 
4 11-02-2009 W4 6.8 167.5 Medium 
5 04-03-2009 W5 3 44.2 Small 
6 29-01-2010 W6 25.8 594.0 Large 
7 18-04-2010 W7 19.4 383.1 Large 
8 23-06-2010 W8 4.8 93.1 Small 
9 19-07-2010 W9 9.6 227.8 Medium 
10 02-03-2011 W10 20.2 250.7 Medium 
11 29-03-2011 W11 12.6 255.4 Medium 
 
The data matrix shown in Table 6.6 was analysed using PCA. The resulting PCA 
biplot is shown in Figure 6.12. The variance accounted by the first two PCs in the 
biplot is 77.3%, which was considered adequate for interpretation. The biplot shows 
that the objects from large and small rainfall events are clustered separately and 
indicated as Cluster D and Cluster E, respectively. These two clusters are separated 
based on the scores on PC1, where large rainfall events are located along the 
negative PC1 axis and small rainfall events are located along the positive PC1 axis. 
The biplot clearly shows that the retention time positively correlates with small 
rainfall and negatively correlates with large rainfall. This was due to the low velocity 
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of the stormwater flowing through the wetland system for the small rainfall, leading 
to longer retention time. The high velocity during the large rainfall on the other hand 
has caused stormwater to leave the system faster.  
 
Figure 6.12 – Biplot of the pollutant reduction and the wetland hydraulic factors 
 
Figure 6.12 shows that TSS reduction (TSS-R) highly correlates with retention time 
(RT), and the vector is pointed in the direction of small rainfall objects. Low velocity 
of the stormwater from small rainfall events flowing across the wetland system could 
be facilitating high settling and sedimentation of the solids particles. During large 
storm events, reduced retention time could be decreasing the opportunity for solids 
particles to settle. Therefore, the performance of the wetland in treating TSS is 
weaker for large rainfall than for small rainfall. 
Researchers have noted that phosphorus removal in the wetland can occur by 
sedimentation, adsorption by sediments/soils, plant uptake, complexation and 
Cluster D 
Cluster E 
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precipitation (Langergraber and Haberl 2011). However, Caraco  et al. (1991) 
claimed that the major loss of phosphorus from the water column is through settling 
of particles. Therefore, concentration reduction of phosphorus in the wetland outflow 
should be closely related to TSS. However, Figure 6.12 shows negative correlation 
between TSS and TP reductions, indicated by the opposite direction of TSS and TP 
vectors. This can be attributed to the fact that when TSS was being retained in the 
wetland, TP was released to the outflow. Unlike during build-up and wash-off 
processes when TSS and TP are positively correlated because most of the 
phosphorus compounds are attached to the solid particles, it appears that during a 
rainfall event, the hydraulic and hydrodynamic processes occurring in the wetland 
dominantly influenced the trend of the treatment taking place. The hydraulic and 
hydrodynamic processes influenced the treatment by mixing, flowing and replacing 
the already treated water retained in the wetland with incoming stormwater runoff.  
Figure 6.12 shows similar trend of high reduction of TN (TN-R) and TSS (TSS-R) 
during small rainfall events. It is likely that the low velocity of the incoming 
stormwater pushed out the already treated stormwater stored in the wetland cells 
during small rainfall events. Therefore, the stored stormwater with low TN 
concentration flowed to the outlet. Low TN concentration of stored stormwater in 
wetlands is achieved through nitrification-denitrification process during the period 
between rainfall events. Accordingly, Spieles and Mitsch (1999) claimed that the 
major mechanism of nitrogen removal in constructed wetlands are nitrification 
followed by denitrification. Additionally, Reddy and D’Angelo (1997) found that the 
denitrification process may remove 60-70% of the total nitrogen. As nitrification-
denitrification process takes time, the process is enhanced by longer antecedent dry 
periods and completed during the base-flow period with resulting treated stormwater 
stored in the wetland cells. This supports the PCA analysis result in Figure 6.12 
which shows close relationship between AD and TN-R. 
6.8 Treatment Performance Trend in the Wetland 
The analysis presented in Section 6.7 was undertaken using event based data, which 
is only capable of deriving outcomes relating to the overall performance of the 
wetland system. Detailed analysis is required to develop linkages between treatment 
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performance and influential hydraulic factors. Detailed analysis was undertaken by 
dividing the volume of each event into 10% components. By this way, the pollutant 
load reduction was calculated for every 10% increment in runoff volume. For the 
analysis, load reductions for all the pollutants considered and hydraulic factors were 
taken as variables. Storm events were separated into 10 components which were 
considered as objects. The objects and variables of this data set were arranged in a 
data matrix as presented in Table D1 in Appendix D. 
In this analysis, object identifiers were formatted as below: 
Wx-y x = storm event, and y = y*10 % of the total volume of the treated 
stormwater. For example W3-8 is the data set representing conditions 
up to 80% of the runoff volume in the 3rd storm event. 
Variables used in the analysis consisted of the measured cumulative reduction of 
pollutant loads as a percentage of the total load reduction. The pollutant species 
considered were TSS, NH4, NO2, NO3, TN, PO4 and TP, and hydraulic factors 
considered were OP, OQ, OV, AD and RT, where: 
 OP = Outflow peak 
 OQ = Average outflow discharge 
 OV = Outflow volume 
 AD = Average water depth in the wetland 
 RT = Average retention time 
Hydraulic factor VT was excluded as it is appropriate only for overall performance 
analysis, while OP and OV were introduced into the analysis as they are variables 
that changes during the course of an event. 
Analysis was undertaken using PCA and the results are presented in a biplot in 
Figure 6.13. The first two PCs account for 62.3% of the data variance. This was 
considered appropriate for interpretation.  
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Figure 6.13 – Biplot of the cumulative pollutant load reductions and the wetland 
hydraulic factors for every additional 10% volume of treated stormwater 
As evident in Figure 6.13, PC1 primarily describes the variance associated with 
different rain events. Large rain events such as W2 and W3 are located along the 
positive PC1 axis while small rain events such as W4 and W5 are located along the 
negative PC1 axis. Correlation of RT with small rainfall events suggests runoff from 
small rain events are retained longer in the wetland. Figure 6.13 also show negative 
correlation of RT with the other hydraulic factors (OP, OQ, OV and AD), and 
correlation of these factors with large rainfall events. This is due to the high runoff 
volume generated during large rainfall events leading to elevated outflow volume, 
average outflow discharge, outflow peak discharge and average water depth in 
wetland cells. This has also reduced the average retention time. 
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PC2 explains the variance associated with the treatment performance. For all storm 
events, pollutant load reduction relating to initial 10% of runoff volume is placed in 
the negative PC2 direction. Subsequent increments in load reduction increase with 
respect to the increase in stormwater volumes passing through the wetland system. 
This suggests that the pollutant load reduction is occurring continuously from the 
beginning of the event to the end. 
The analysis above is based on the cumulative pollutant load reduction up to 10% 
volume increments. Further analysis was conducted using pollutant load reduction in 
every individual 10% fractions of treated stormwater. The wetland hydraulic factors 
were also included in the analysis to determine the linkage between hydraulic factors 
and treatment performance. The data matrix for this analysis is presented in Table 
D2 in Appendix D. 
Objects in Table D2 for this analysis were formatted as below: 
Wx-y x = storm event, and y = the yth 10% of the treated stormwater. For 
example, W3-8 is the data set representing condition of the 8th 10% of 
the outflow volume of treated stormwater in the 3rd storm event. 
Variables used in the analysis consisted of the measured pollutant load reduction as 
percentage to total load reduction. The pollutant species considered were TSS, NH4, 
NO2, NO3, TN, PO4 and TP, and hydraulic factors considered were OP, OQ, OV, 
AD and RT, where: 
 OP = Outflow peak 
 OQ = Outflow average discharge 
 OV = Outflow volume 
 AD = Average water depth in the wetland 
 RT = Average retention time 
Standardised data presented in Table D2 was used for PCA. Figure 6.14 shows the 
resulting biplot.  
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Figure 6.14 – Biplot of the pollutant load reductions and the wetland hydraulic factors 
for every 10% volume of treated stormwater 
Figure 6.14 show negative correlations of OP, AD and OQ with RT, similar to the 
observations in Figure 6.13. However, most pollutant load reduction vectors show no 
correlation with all the hydraulic factors considered. However, the total variance 
accounted by the first two PCs is only 51.3%, which is considerably insufficient for 
accurate interpretations. The objects are also scattered. To improve the data variance 
in biplots, fewer variables and objects were selected for further analysis. 
Accordingly, only TSS, TN and TP were selected as water quality variables, and 
only RT and AD were selected to represent the hydraulic factors, as OP and OQ can 
be represented by AD due to their similar loading vectors. From data matrix in Table 
D.2 in Appendix D, rainfall events number 1, 5 and 8 were selected to represent 
small rainfall events and rainfall number 2, 3 and 6 were selected to represent large 
rainfall events. 
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Selected data set was subjected to PCA and the resulting biplot of the first two 
principal components is shown in Figure 6.15. The total variance accounted by the 
first two PCs increased to 69.2%, which can be considered as adequate for 
interpretation.  
As evident in Figure 6.15, samples representing small rainfall are separated from 
samples representing large rainfall events. Objects representing small rainfall events 
were scattered in the direction of the RT vector, suggesting that longer retention time 
occurs during small rainfall events. Objects representing large rainfall events are 
scattered in the direction of the AD vector, suggesting greater displacement of 
stormwater in the wetland, which could also result in higher outflow velocities. 
 
Figure 6.15 – Biplot of selected pollutant load reductions and selected hydraulic factors 
for every 10% volume of stormwater for selected rainfall events 
Figure 6.15 shows that objects representing up to first 20% of outflow volume of 
small rain events are scattered in the direction of TSS, TN and TP vectors. This 
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suggests that the treatment of small rainfall events is comparatively better at the 
beginning of runoff events. This is most probably due to the cleaner treated 
stormwater which was already stored in wetland cells flowing out in the early stage 
of the runoff events. Latter part of runoff from small rainfall events could mix with 
wetland water leading to the gradual increase in pollutant concentrations in outflow. 
This conclusion is supported by the pollutant load reduction trends presented in 
Figure 6.16. Figure 6.16 presents the trend of TSS, TN and TP load reductions 
separately for every 10% of the treated stormwater volume in the wetland system. 
The TSS, TN and TP load reduction lines in Figure 6.16 are separately averaged for 
large rainfall events of 1, 5 and 8 and small rainfalls of 2, 3 and 6 in Table D.2 in 
Appendix D. As evident in Figure 6.16, the trends in pollutant reductions for small 
rainfall events are high at the beginning of events and gradually decrease towards the 
end.  
 
Figure 6.16 – Trend of pollutant load reductions (TSS, TN and TP) in every 10% of 
treated stormwater 
Conversely, for large rainfall events, the trends in pollutant reductions are generally 
lower at the beginning and gradually increase towards the end of rainfall events. This 
is attributed to the rapid mixing of inflow runoff with wetland water at the beginning 
of large events, which typically carries high loads of first flush pollutants (Amir and 
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Ronald 2004; Lee et al. 2002; Anonymous 1994). However, as the time passes 
during a large event, gradual decrease in velocity and supply of particulate pollutants 
during latter part of runoff events, treatment performance increases. This could be 
due to increased settling of particulate pollutants in the wetland cells. This fact is 
supported by Figure 6.15 and Figure 6.16. Figure 6.15 shows objects representing 
the latter part of the large rainfall events are loaded in the direction of the pollutant 
load reduction vectors. Figure 6.16 shows similar information, where the lines which 
represent the pollutant load reduction for large rainfall are low at the beginning and 
increases towards the end of the event.  
6.9 Conclusions 
In this chapter, the analysis primarily focused on determining linkages between 
treatment performance of the constructed stormwater wetland with rainfall and 
hydraulic factors. The primary conclusions derived from the analysis are as follows: 
• From eleven recorded rainfall events investigated in this study, rainfall events 
larger than 1 month ARI were subjected to bypass. This is despite the fact that 
constructed wetland system was designed having an equivalent area of 3% with 
respect to the contributing catchment. Furthermore, typical WSUD designs in 
South East Queensland are targeted to treat runoff from up to 3 months ARI 
rainfall events. Failure to attain this threshold can significantly reduce the 
effectiveness of the constructed wetland system and could be attributed to 
design, construction or management factors. 
• The approaches used in this study to develop the wetland hydraulic conceptual 
model are appropriate. Evaluation using regression analysis demonstrated the 
accuracy of the calibrated model with resulting average coefficient of 
determination (R2) values in the range of 0.9 for measured outflow discharge. 
This suggests that the performance of the model in simulating hydraulic 
conditions is satisfactory. 
• The constructed wetland is capable of discharging runoff with consistent quality 
in terms of TSS, TN and TP. This is despite the fact that it receives runoff with 
variable quantity and quality. These characteristics can be considered as 
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favourable to the downstream ecosystem which can be sensitive to pollutant 
concentration changes.  
• Though the constructed wetland discharged runoff with relatively consistent 
quality, the reduction in event mean concentration (EMC) with respect to inflow 
quality is significantly variable. For TSS it can be 7% to 92%, while for TN and 
TP it can be 4% to 62% and -4% to 89%, respectively. This is evidence that 
external factors such as rainfall and hydraulic factors play an important role in 
the water quality treatment processes of constructed stormwater wetlands.  
• The analysis confirmed that constructed wetlands provide effective treatment of 
TSS concentration for rainfall events with small rainfall depths, which produces 
longer retention times. The low velocity of the stormwater runoff from small 
rainfall events flowing across a wetland system promotes settling and 
sedimentation of solids particles. 
• In a constructed wetland, hydraulic retention time plays a key role in TSS and 
TN concentration reduction efficiencies. TSS and TN concentration reductions 
are high during small rainfall events. This confirms the effectiveness of fine 
particulate settling and nitrification-denitrification process in constructed 
wetland systems. 
• TP concentration in stormwater is typically regarded as correlating with TSS 
concentration due to adsorption of phosphorus compounds to particulates. 
However, this study found that treatment of TP by a constructed wetland 
negatively correlates with TSS treatment. This suggests that the hydraulic and 
hydrodynamic processes occurring in a wetland dominantly influence the 
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A bioretention basin performs as a pollutant removal device using filtration as the 
main mechanism, supported by evapotranspiration, absorption and 
biotransformation. This is in addition to attenuation of runoff peak flow and 
reduction of runoff volume through detention and retention (Davis et al. 2006). Past 
studies have reported that pollutant concentration reduction in bioretention basins is 
poor for a range of pollutant species particularly for nutrient species (Hatt et al. 
2007; Henderson et al. 2007; Greenway 2008; Davis et al. 2006). However, a 
substantial reduction in outflow volume can lead to significant reduction in pollutant 
loads (Hunt et al. 2006). 
A range of studies have been conducted for assessing bioretention basin performance 
and hydraulic and pollutant removal processes (Davis 2007, 2008; Dietz and Clausen 
2005; He et al. ; Heasom et al. 2006; Hsieh and Davis 2005; Hsieh et al. 2007b). 
However, most of the past field studies have been conducted to evaluate the long 
term treatment performance while most of the studies which focused on developing 
an in-depth understanding of processes have been conducted using laboratory-scale 
models (Hsieh et al. 2007a; Moore 2008; Zhang et al. 2011). This has resulted in 
knowledge gaps relating to field performance and associated pollutant removal 
processes in relation to bioretention basins.  
As a part of this study, a selected operating bioretention basin was evaluated for its 
performance and to investigate the treatment processes. Details of the bioretention 
basin and contributing catchment are provided in Chapter 5. The data collection and 
laboratory test methodology are also explained in Chapter 5. This Chapter primarily 
focuses on the assessment of the bioretention basin performance and contributing 
treatment processes.   
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In this Chapter, the hydraulic factors essential for the assessment are defined using a 
conceptual model. The chapter initially discusses the development of the 
bioretention basin conceptual model including model calibration using recorded field 
data. The developed model is explained further in Section 7.2. Using this model in 
conjunction with multivariate statistical analysis, the pollutant removal in the 
bioretention basin and its correlation with influential hydrologic/hydraulic process 
are identified. An analysis was also conducted to evaluate the pollutant removal 
processes as rainfall event progresses using a set of recorded rainfall events. 
7.2 Development of Bioretention Basin Hydraulic Conceptual Model 
Hydraulic processes play an important role in stormwater pollutants removal by 
bioretention basins. As pointed out by numerous researchers (for example, Davis, 
2007; Dietz and Clausen, 2005; Ravi and Williams, 1998), hydraulic factors such as 
residence time and outflow discharge are the most critical. These factors can be 
obtained using design configurations in event-based assessment. However, in-depth 
assessments which require variation of these factors within an event require a 
modelling approach to generate the relevant hydraulic factors. Due to this reason, a 
conceptual model was developed to estimate hydraulic factors in short time steps. 
The developed model contains a range of conceptual approaches and empirical 
equations. The model was developed to replicate stormwater infiltration through the 
filter media, and water movement from the drainage layer exiting the bioretention 
basin through the perforated pipes.  
7.2.1 The Principles and Assumptions Adopted for the Model 
Hydraulic characteristics of a bioretention basin are primarily based on infiltration 
and percolation of stormwater through the filter media and can be classified as 
typical subsurface flow. Subsurface flow can be best replicated by 3-dimensional 
flow models, which are very complex and often requires numerical analysis (Chow 
et al. 1988). To reduce this complexity, a range of assumptions was made, primarily 
to convert a 3-dimensional flow system to a 1-dimensional flow system. In the 
conceptual model, the bioretention basin was divided into a number of equal zones. 
A trial and error process used suggested that 10 equal zones were suitable for the 
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model (see Figure 7.1). The stormwater movement over the surface was as a flow 
from zone 1 where the inlet structure was located to zone 10 where the outlet 
structure was located. Each zone with 24.8 m2 surface area was considered to be a 
soil column in which the water flows downward to replicate the infiltration process. 
When the stormwater flows on the surface of the assumed soil column exceeds the 
infiltration capacity of the soil, the excess runoff was assumed to be surface flow to 













Figure 7.1 – Simplifying 3-dimensional flow into 1-dimensional column based flow 
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The stormwater flow within the bioretention basin (see Figure 7.2) was modelled 
according to the processes described in the following steps: 
• Stormwater runoff enters the bioretention basin through the inlet structure in 
zone 1 which is assumed as a soil column (1).  
• The stormwater runoff then infiltrates into the soil column (2). This is 
replicated using the infiltration model. 
• When the inflow rate is higher than the soil column infiltration capacity, the 
excess runoff becomes surface flow to the next soil column (3).  
• The infiltrated water then percolates until it reaches the drainage layer in 
which the stormwater is temporarily stored (4). 
• Part of stormwater stored in the drainage layer percolates to the original soil 
layer underneath (5).  
• Through perforated pipes, stormwater in the drainage layer flows to the outlet 








Figure 7.2 – The schematic of stormwater flows in the bioretention basin 
ZONE i ZONE i +1 
  1 
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  3 
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7.2.2 Modelling the Infiltration Process in the Soil Column Filter Media 
The soil column is considered as a system where water balance can be applied. This 
means water entering and leaving the system is subject to the water balance concept. 
In this way, cross interaction between columns and its surrounding columns were 
considered negligible. Therefore, any possible seepage flow from groundwater and 
infiltration into the sidewall is negligible. This is acceptable since the soil 
surrounding the system is silty clay with low infiltration rate. Adopting the water 
balance approach, the soil column was considered as a storage. The storage volume 
was replicated to increase or decrease depending on the volume of stormwater 
entering and leaving the storage. This action was replicated using a standard storage 
equation in the form of Equation 6.1. The equation and the terms used in the 
equation are explained in Section 6.2. 
The input to the system was considered as infiltration while the output components 
of the system are percolation to the drainage layer underneath and 
evapotranspiration. Infiltration is considered to be influenced by factors such as soil 
moisture content, porosity, soil hydraulic conductivity and soil surface condition 
including vegetation cover. A range of equation formats are available to replicate the 
infiltration process such as equations proposed by Horton (1933), Philip (1957), and 
Green and Ampt (1911). All these equation formats were reviewed and Philip and 
Green-Ampt models were preferred for this study. This is due to the capability of 
Philip and Green-Ampt models to incorporate soil (media) characteristics in the 
equation rather than the pure mathematical format adopted in Horton’s infiltration 
model. However, since the Green-Ampt model requires a lesser number of variables 
which are known compared to the Philip model, the Green-Ampt model was chosen 
for the conceptual model developed. 
The principle of Green-Ampt model is based on continuity and momentum (Chow et 
al. 1988). The conceptual format in which the Green-Ampt equation was applied in 
this study is presented in Figure 7.3. Considering the zone 1 soil column as a vertical 
soil column (see Figure 7.3 (a)), the control volume was defined as the volume of the 
soil column from the surface to depth L (see Figure 7.3 (b)). As the wetting front 
progresses, the moisture content θ will increase from the initial value θi to η 
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(porosity). When θ equals η, the soil within the control volume is fully saturated. 
When L equals the thickness of the filter media (m), the whole filter media is 
considered fully saturated. In this condition, the wetting front fully passes the whole 
filter media and reaches the drainage layer. Accordingly, infiltration is replaced by 
percolation. The cumulative depth of water infiltrating into the soil is expressed by 
Equation 7.1 (Chow et al. 1988). 







Figure 7.3 – Vertical soil column and Green-Ampt infiltration model variables 
(Figure 7.3 (b) adapted from Chow et al. 1988) 
 
The developed model divides the infiltration process into two phases. Phase 1 starts 
from the beginning of the infiltration process until it reaches the drainage layer. 
Phase 2 is the phase when the infiltrated stormwater contributes to the storage 
volume in the drainage layer. In this instance, the drainage layer was considered as 
the second storage. The stormwater entering and leaving this second storage was also 
replicated using the water balance approach with a standard storage equation in the 
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Phase 1 
When the stormwater inflow from the catchment enters zone 1 or the exceeded 
surface flow enters the next zone, the stormwater begins to infiltrate into the soil 
column of the zone at a certain infiltration rate. The actual infiltration rate is equal to 
the inflow rate, if the inflow rate is less than the infiltration rate capacity of the soil 
column. However, if the inflow rate is greater than the infiltration rate capacity, the 
actual infiltration rate is equal to the infiltration rate capacity. The infiltration rate 
capacity was calculated using Equation 7.2 (Chow et al. 1988). 
  Equation 7.2 
Where: f(t) = The infiltration rate capacity (m/h) 
F(t) = Cumulative infiltration (m) 
ks = Hydraulic conductivity or saturated soil permeability coefficient 
(m/h) 
ψ = Wetting front soil suction head (m) 
∆θ = The difference between the initial water content and saturated 
water content or porosity (η) 
The equation for infiltration rate capacity (Equation 7.2) can be re-formulated for 
cumulative infiltration capacity equation in the form of Equation 7.3 (Chow et al. 
1988). Equation format shown in Equation 7.3 requires iterative solutions to obtain 
cumulative infiltration capacity F(t). 
 m/ = o ∙ / + qΔn ∙ s1 21 + tuv35 Equation 7.3 
Where: F(t) = The cumulative infiltration capacity (m) 
ks  = Hydraulic conductivity or saturated soil permeability coefficient 
(m/h) 
 t = Time elapsed (h) 
 ψ = Wetting front soil suction head (m) 
∆θ = The difference between the initial water content and saturated 
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Phase 2 
Phase 2 begins when the wetting front reaches the drainage layer and the stormwater 
in the filter media starts draining to the drainage layer. It is indicated by the 
cumulative infiltration capacity calculated using Equation 7.3 equals the cumulative 
infiltration obtained using Equation 7.1. This is known as percolation, which is the 
movement of water downward in a media which is promoted by gravitational forces. 
The percolation of stormwater from the filter media to the drainage layer was also 
divided into two conditions. The first condition is when the filter media is still 
unsaturated while the second condition is when the filter media is fully saturated. 
The percolation rate in the second condition was replicated using saturated 
coefficient of permeability ks. Therefore, the volume of water which percolates 
during the modelling time interval ∆t can be written as Equation7.4. 
 wD∆ = o ∙ ∆/ × C Equation 7.4 
Where: Vw∆t = Volume of water percolating from filter media column (m3) 
ks = Hydraulic conductivity or saturated soil permeability coefficient 
(m/h) 
∆t = Time interval (h) 
A = Cross sectional area of the filter media column (m2) 
When the filter media is not in a fully saturated condition, the saturated soil 
permeability coefficient, ks in Equation 7.4 is replaced by kw, as presented in 
Equation 7.5. 
 wD∆ = x ∙ ∆/ × C Equation 7.5 
Where: Vw∆t = Volume of water percolating from filter media column (m3) 
kw = Unsaturated soil permeability coefficient (m/h) 
∆t = Time interval (h) 
A = Cross sectional area of filter media column (m2) 
To obtain an accurate unsaturated soil permeability coefficient kw, a field or 
laboratory experiment is required. However, Brooks and Corey (1964) have 
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proposed an approximate method to obtain values for kw, which is presented in 
Equation 7.6. 
 x = o × <yz Equation 7.6 
Where: kw = Unsaturated soil permeability coefficient (m/h) 
ks = Saturated soil permeability coefficient (m/h) 
Se = Effective saturation of soil 
δ = An empirical constant, expressed by δ = (2 + 3λ) / λ, where λ is 
the pore size distribution index 
Irmay (1954) suggested pore size distribution index (λ) as equal to infinity for 
uniform sand, resulting 3.0 for empirical constant (δ). For natural sand deposits, 
Averjanov (1950) suggested λ = 4.0, resulting in a δ value of 3.5, while for soil and 
porous rock, Corey (1954) proposed 2.0 for λ, resulting in a δ value of 4.0. The 
developed bioretention basin used λ = 10 which gives δ = 3.5. This value was 
obtained from the calibration. 
The effective saturation Se is the ratio of the available moisture content θ – θr to the 
maximum possible available moisture content η – θr. It is written in the form of 
Equation 7.7 (Chow et al. 1988). 
  <y = 33{Q3{ Equation 7.7 
Where: Se = Effective saturation of soil 
θ = Moisture content 
θr = The residual moisture content of soil after it has thoroughly 
drained 
η = Porosity 
The maximum possible available moisture content is called the effective porosity, 
reflected by η – θr = θe.  The effective saturation, Se was monitored during the 
modelling period to evaluate whether the filter media is in unsaturated or saturated 
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condition. Once the value of Se reaches 100%, the filter media is considered to be 
saturated. 
7.2.3 Water Losses Due to Percolation 
Since the type of soil underneath the bioretention basin is silty clay with a very low 
percolation rate, a constant percolation rate of 1.8 x 10-6 m/h as suggested by Lambe 
and Whitman (1969) was applied in the model throughout the bioretention basin 
area. However, during model calibration, this percolation rate was adjusted to obtain 
better results. 
7.2.4 Direct Precipitation 
Direct precipitation is rainfall which directly falls on the bioretention basin surface 
and the area surrounding the bioretention basin without entering through the inlet 
measurement device. The amount of direct precipitation for a certain duration is 
considered as the rainfall depth for that duration multiplied by the bioretention basin 
surface area. In the case where the rainfall falls on the surroundings of the 
bioretention basin area and the runoff produced does not flow through the inlet 
measurement device, but seeps through the bioretention basin, runoff was estimated 
by applying a runoff coefficient. The initial runoff coefficient of 0.7 was considered 
appropriate to compensate for the loss of water due to interception and infiltration. 
However, this value was adjusted during model calibration. 
7.2.5 Modelling the Flow through Perforated Pipes to Outlet 
Flow through the perforated pipes was modelled as flow in a circular open channel. 
Initially, this flow was assumed as laminar and later confirmed after calibration. The 
flow at the end of the perforated pipe near the outlet was also assumed as uniform 
and steady. This assumption was based on the fact that the longitudinal slope of the 
perforated pipe is very small (0.005). 
Flow through a circular open channel is explained by a range of researchers such as 
by Chow (1959), Akan (2006), Chanson (2004), Sturm (2001) and Han (2008). 
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Based on the suggestions provided in literature, Manning’s equation, in the form of 
Equation 7.8, was used to simulate flow through the perforated pipes in the model 
developed.  
 ) = |} × C × S
4 @~ × <- 4~  Equation 7.8 
Where: Q = Discharge (m3/sec)   
k = Conversion factor (m1/3/sec) 
n = Manning’s coefficient 
A = Wetted cross sectional area of the circular pipe (m2) 
R = Hydraulic radius of the wetted cross sectional area (m) 
S = Slope of the hydraulic grade line (equal to the longitudinal slope 
for uniform flow)  
The internal surface of the perforated pipe was considered as rough due to the 
presence of perforations. Therefore, the Manning’s roughness coefficient in the 
range of 0.012 to 0.017 was initially used (Han 2008). The actual Manning’s 
coefficient was obtained from the calibration.  
7.3 Model Calibration 
Finalised model parameters were obtained by model calibration. The calibration 
undertaken was similar to the calibration steps adopted for the wetland conceptual 
model. It was primarily a trial and error changing of parameters until outputs reach 
visual fit to the measured outcomes. Data and comparisons relating to model 
calibration is available in Table A.3 in Appendix A (Abbott and Refsgaard 1996). 
The method is widely used and commonly recommended for complex models 
(Abbott and Refsgaard 1996) (Yu and Schwartz 1998; James 1972).  
Based on the trial and error procedure, the parameters were adjusted during the 
calibration and the best fit parameters were obtained for the developed model. The 
parameters obtained and their final values are given below: 
- Hydraulic conductivity of the filter media : 0.025 m/hr 
- Wetting front soil suction head, ψ  : 0.167 m 
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- Porosity of the filter media, η : 0.501 
- Pore size distribution index, λ  : 10 
- Percolation rate of soil underneath the basin : 5 x 10-5 m/hr 
- Manning’s coefficient of the perforated pipe : 0.015 
- Runoff coefficient : 0.7 
A procedure similar to the procedure adopted for the constructed wetland was used 
to reduce the noise in the recorded flow data. Also, an analysis was undertaken to 
assess the accuracy of the developed bioretention basin conceptual model with the 
support of statistical analysis tools. The analysis was done by comparing the model 
outputs with measured data using the best-fit analysis method developed based on 
the regression analysis technique, as explained in Section 6.3. The typical analytical 
result showing the goodness-of-fit of the developed bioretention basin conceptual 
model hydrograph to the measured data is presented in Figure 7.4. 
 
Figure 7.4 – Bioretention basin measured and modelled discharge hydrograph 
The coefficient of determination (R2) calculated for twelve monitored rainfall events 
are shown in Table 7.1. Table 7.1 shows that the R2 ranges from 0.88 to 98 with an 
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average of 0.92. This range was considered satisfactory. This suggests that the 
approaches adopted in the model development are appropriate. 
Table 7.1 – The goodness-of-fit, coefficient of determination R2 
No. Rainfall event R2 
1 29-01-2008 0.89 
2 03-02-2008 0.91 
3 17-03-2008 0.92 
4 18-04-2008 0.91 
5 29-05-2008 0.92 
6 22-01-2009  0.94 
7 29-01-2010 0.98 
8 18-04-2010 0.91 
9 23-06-2010 0.92 
10 19-07-2010 0.88 
11 02-03-2011 0.93 
12 29-03-2011 0.94 
  Average 0.92 
Note: Minimum R2 = 0.88, maximum R2 = 0.98 and average R2 = 0.92 (printed in 
bold) 
7.4 Assessment of Hydraulic Effectiveness of the Bioretention Basin  
Typical bioretention basin design requires a high proportion of stormwater from 
contributing catchment to enter the system. In South East Queensland (SEQ) 
Australia, a well-designed bioretention basin should receive greater than 80% runoff 
from the catchment (SEQHWP 2006). Table 7.2 shows the volume of runoff treated 
and bypassed from twelve recorded rainfall events. These rainfall events were 
selected to accommodate the mid-range of the rainfall depth and when the 
appropriate number of stormwater samples was captured by the automatic sampler. 
The measured rainfall events are within 4-52mm rainfall depth which can be 
considered as typical to the region. Even though the higher rainfalls (higher than 
52mm) which contributed more bypass runoff are not included in the data set, Table 
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7.2 shows that the effectiveness of the bioretention basin for the twelve selected 
rainfall events is only 72.17%, which fails to comply with the designed objective of 
greater than 80% for SEQ, Australia.  


















   (m
3
) (%) 
1 29-01-2008 20.6 54.65 0 54.65 100 
2 03-02-2008 52.0 174.24 86.51 87.73 50.35 
3 17-03-2008 12.0 31.03 0 31.03 100 
4 18-04-2008 18.4 51.69 0 51.69 100 
5 29-05-2008 44.6 154.76 42.50 112.26 72.54 
6 22-01-2009 51.8 163.10 84 79.06 48.47 
7 29-01-2010 25.8 70.56 0 70.56 100 
8 18-04-2010 19.4 49.33 0 49.33 100 
9 23-06-2010 4.8 8.70 0 8.70 100 
10 19-07-2010 9.6 31.87 0 31.87 100 
11 02-03-2011 20.2 64.38 35.50 28.88 28.88 
12 29-03-2011 12.6 38.82 0 38.82 100 
T o t a l 893.13 248.51 644.58 72.17 
Note: Runoff from rainfall event number 2, 5, 6 and 11 (printed in bold) was 
bypassed by the bioretention basin. 
Similar to the analysis undertaken for the constructed wetland, magnitudes of the 
twelve recorded rainfalls were evaluated by calculating equivalent frequency. The 
recorded rainfall events had greater fluctuation than the theoretical design rainfall 
patterns presented in "Australian rainfall and runoff: a guide to flood estimation" 
(French and Jones 2012; Pilgrim and Institution of Engineers 1998). Therefore, the 
procedures explained in Section 6.5 was used to calculate frequency of events and 
presented in the intensity-frequency-duration (IFD) diagram shown in Figure 7.5.  
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Figure 7.5 – IFD curves of design ARIs and recorded rainfall events  
In Figure 7.5, design IFDs are shown in broken lines and the recorded rainfall data 
are plotted as continuous lines. The IFD curves for the four bypassed rainfall events 
were plotted using bold lines. Figure 7.5 shows that for twelve recorded rainfall 
events investigated, rainfall events larger than 1.5 month ARI were subjected to 
bypass. It appears that the bioretention basin fails to comply with the recommended 
WSUD design guidelines for South East Queensland which recommends treating 
runoff from up to 3 months ARI rainfall. This reduces the hydraulic effectiveness of 
the bioretention basin, even though the bioretention basin was designed with 
equivalent area of 3.8% of its contributing catchment, which is larger than the 
recommended threshold which is only 3%.  
7.5 Bioretention Basin Performance in Reducing Stormwater Volume 
Performance of a bioretention basin can be expressed in terms of quantity and 
quality treatment. Quantity treatment can be expressed using two important 
performance criteria; the reduction in peak flow and the reduction in runoff volume. 
Runoff peak flow reduction provides ecosystem protection to the downstream 
waterways, as peak flow causes hydraulic stress and physical disturbance to the 
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aquatic ecosystem. From the set of twelve rainfall events, this study found that the 
bioretention basin reduced the peak flow by 94.2% on average. This indicates that 
the bioretention basin provides a direct benefit by providing protection to the 
receiving waters. Using a different set of rainfall events, in a previous study 
conducted by Parker et al. (2009) it was found that the same bioretention basin 
reduced peak flow by 94% on average. 
Significant volume of stormwater runoff can be reduced by bioretention basins 
through the replenishment of soil moisture deficit in the filter media. This leads to 
reduction in runoff volume by retaining water within the filter media. From the 
twelve recorded stormwater events with a total rainfall depth of 291.8mm, this study 
found a 53.9% reduction in stormwater runoff volume (see Table 7.3). It has been 
reported that plant transpiration is a major contributor to the recession of the soil 
moisture in the filter media (Avellaneda 2008; Coustumer et al. 2008; Davis 2007). 
The previous study by Parker et al. (2009) found that the runoff volume reduction by 
the same bioretention basin for 20 rain events with a total rainfall depth of 328 mm 
was 55%. 




















1 29-01-2008 20.6 54.65 31.33 57.33 
2 03-02-2008 52.0 87.73 22.00 12.63 
3 17-03-2008 12.0 31.03 23.23 74.86 
4 18-04-2008 18.4 51.69 24.81 48.00 
5 29-05-2008 44.6 112.26 48.86 31.57 
6 22-01-2009 51.8 79.06 38.47 23.59 
7 29-01-2010 25.8 70.56 49.51 70.17 
8 18-04-2010 19.4 49.33 20.38 41.31 
9 23-06-2010 4.8 8.70 6.03 69.31 
10 19-07-2010 9.6 31.87 28.41 89.14 
11 02-03-2011 20.2 28.88 23.20 36.04 
12 29-03-2011 12.6 38.82 31.17 80.29 
T o t a l 291.8 644.6 347.4 53.90 
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It has been reported in previous studies that the pollutant removal in bioretention 
basins, particularly the removal of nitrogen species, is poor and the concentration can 
be higher in the outflow than in the inflow (Hatt et al. 2007; Henderson et al. 2007; 
Greenway 2008; Davis et al. 2006). However, a range of other studies have reported 
reduction in pollutant loads primarily due to significant reduction in outflow runoff 
volume (Hunt et al. 2006; Davis et al. 2006; Dietz and Clausen 2005). This suggests 
that the reduction in runoff volume is an important factor to consider in evaluating 
water quality treatment.  
7.6 The Influential Hydrologic and Hydraulic factors 
Apart from the ability to reduce stormwater volume and to attenuate runoff peak 
flow, water quality treatment performance of a bioretention basin is the most 
important characteristic to evaluate. However, the evaluation requires consideration 
of a range of hydrologic and hydraulic factors. 
It is well known that under natural conditions, infiltration and percolation processes 
occurring in a bioretention basin are affected by hydrologic and hydraulic factors 
(Davis and McCuen 2005; Raghunath 2006). Hydrologic factors include 
characteristics of the rainfall received on the contributing catchment, antecedent 
conditions and moisture content of the bioretention basin filter media. The hydraulic 
factors include inflow and outflow parameters. In this analysis, the antecedent dry 
period (AD), total rainfall depth (RD), rainfall intensity (RI) and contributed area 
(CA) were selected to represent the hydrologic conditions. The CA is the estimated 
percentage of the wetted area of bioretention filter media, where the stormwater 
runoff infiltrates from the surface of the filter media and percolates into the drainage 
layer underneath the filter media. This is considered equivalent to the area 
represented by number of active cells in the bioretention basin conceptual model and 
was obtained by simulation. In this regard, rainfall intensity (RI) was not calculated 
based on the total duration of the rainfall, but only the total duration of the rainfall 
bursts; the time intervals when the rainfall occurs.  
As stated in Section 7.5, that pollutant load reduction at the bioretention basin outlet 
was consistent due to significant reduction in outflow runoff volume. This suggests 
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that the volume retained (VR) is an influential hydraulic factor. The volume treated 
(VT) and the outflow peak discharge (OP) have also been chosen to represent the 
hydraulic conditions. VT is the volume of stormwater entering the bioretention basin 
while the OP is the maximum outflow discharge recorded during the rainfall event.  
Proper understanding of influential hydrologic and hydraulic factors, and filter media 
parameters is important prior to using them in the analysis. Event based selected 
influential hydrologic and hydraulic factors from the set of twelve rainfall events 
recorded from January 2008 until March 2011 are tabulated in Table 7.4. Table 7.4 
shows that the data set has an appropriate distribution of mid-range rainfall depths 
between 4 mm to 52 mm resulting in the variation of the contributed wetted area 
from 10% to 100%.  
Table 7.4 – Hydrologic and hydraulic factors 
 
The data set presented in Table 7.4 was analysed to investigate the correlations 
between influential hydrologic and hydraulic factors. Analysis was first done by 
generating a correlation matrix as shown in Table 7.5. Secondly, ranking and 
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visualisation tools, PROMETHEE and GAIA were used. PROMETHEE provides a 
ranking of objects while GAIA displays PROMETHEE results visually as a principal 
component biplot. More details on PROMETHEE and GAIA can be found in 
Section 4.6.2. 
 
Table 7.5 – Correlation matrix for hydrologic and hydraulic factors 
  RD RI AD VT OP CA VR 
RD 1.000 0.560 0.125 0.887 0.931 0.739 0.495 
RI   1.000 -0.211 0.355 0.738 0.428 -0.018 
AD     1.000 0.249 0.017 0.331 0.714 
VT       1.000 0.720 0.871 0.723 
OP         1.000 0.659 0.309 
CA           1.000 0.793 
VR             1.000 
 
 
In PROMETHEE analysis, all variables were set to maximise so that all variables are 
assumed to positively contribute to the ranking. All parameters were given the same 
weighting. The V-shaped preference function was selected for all variables; a simple 
linear model bound by zero and a nominated threshold value P. P was selected as the 
maximum value of each variable range. Outcomes of the PROMETHEE analysis are 
shown in Table 7.6. 
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Table 7.6 – PROMETHEE 2 Ranking and rainfall event classification  
Ranking Object Φ net RD 
Proposed 
Classification 
1 R6 0.2955 51.80 High 
2 R5 0.2926 44.60 High 
3 R2 0.2712 52.00 High 
4 R7 0.1507 25.80 Medium-High 
5 R1 0.0141 20.60 Medium 
6 R12 -0.0117 12.60 Medium 
7 R10 -0.0801 9.60 Medium 
8 R11 -0.1089 20.20 Medium 
9 R8 -0.1246 19.40 Medium 
10 R4 -0.1324 18.40 Medium 
11 R3 -0.1526 12.00 Medium 
12 R9 -0.4139 4.8 Low 
Object ranking in PROMETHEE analysis shown in Table 7.6 is based on Φ net value 
which is influenced by all hydrologic and hydraulic factors. The Φ net value is the 
net outranking flow where the higher Φ net value of an object indicates the higher its 
position in the rank order. However, Table 7.6 also shows rainfall depth (RD) varies 
similar to Φ net values which are greater for higher rainfall depth. This suggests that 
the influence of rainfall depth is critical to the hydraulic performance of the 
bioretention basin. Based on the distribution of the Φ net values, the objects can be 
classified into High, Medium-High, Medium and Low rainfall depth events.   
GAIA plot presented in Figure 7.6 is the visual interpretation of PROMETHEE 
analysis which is projected on Principal Component 1 (PC1) and PC2 axes. The total 
data variance of 87.18 % explained by the GAIA biplot indicates that the majority of 
the information is included in the analysis. As evident in Figure 7.6, the GAIA biplot 
supports object classification obtained by PROMETHEE 2 analysis. The figure 
shows that the objects are clustered based on the projections on PC1 axis as indicated 
by dashed lines. This suggests that object clustering as indicated in dashed lines 
complies with the clustering in Table 7.6 based on rainfall depth. Even though the 
clustering is not only based on rainfall depth, but also based on other hydrologic and 
hydraulic factors such as VT and CA, Figure 7.6 shows that the variances described 
by the first two components are associated with the rainfall depth. This is because 
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most of the observed hydrologic/hydraulic factors are influenced by the rainfall 
depth.  
 
Figure 7.6 – GAIA plot showing the correlation among the hydrologic and hydraulic 
factors in the Bioretention Basin 
Furthermore, Figure 7.6 shows that the stormwater volume retained in the 
bioretention basin (VR) positively correlates with the antecedent dry period (AD). 
The correlation between VR and AD is relatively strong with a correlation 
coefficient of 0.714 (see Table 7.5). This suggests that the longer dry periods 
enhances the capacity of the bioretention basin to retain higher stormwater volume. 
It has been reported that the runoff volume retained by the system mainly depends on 
the moisture content in the filter media (Hunt et al. 2006). High AD reduces moisture 
content in the filter media leading to high capacity for runoff volume retention. 
Furthermore, the presence of vegetation can enhance the retention capacity by 
reducing filter media moisture rapidly during dry periods. 
Δ = Low rainfall depth 
Δ = 87.18 
Δ = Medium rainfall depth 
Δ = Medium-High rainfall depth 
Δ = High rainfall depth 
PC2 
PC1 
Cluster 1 Cluster 2 Cluster 3 Cluster 4 
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In addition to the antecedent dry period, Table 7.5 and Figure 7.6 also show 
significant correlation between the volume retention (VR) and volume treated (VT). 
This suggests that the amount of stormwater retained in the system is not only 
affected by the antecedent dry period, but also depends on the volume of runoff 
flowing into the bioretention basin. 
Moreover, Table 7.5 and Figure 7.6 also show that the volume retention (VR) 
positively correlates with contributed wetted area (CA). This suggests that the 
capacity of the filter media to retain stormwater is further affected by the flow 
process. High CA results in high proportion of surface area of the bioretention basin 
contributing to the flow process which increases the capacity for retention. This 
highlights the requirement for proper mechanism to distribute inflow evenly to the 
bioretention basin area.  
As shown in the correlation matrix in Table 7.5 and GAIA biplot in Figure 7.6, 
weaker correlation between volume retention (VR) and rainfall depth (RD) suggests 
that there is a little direct influence of rainfall depth on the volume retention. This is 
because not all of the stormwater runoff generated within the catchment enters the 
bioretention basin. Figure 7.6 also show that volume retention (VR) shows no 
correlation to both, rainfall intensity (RI) and outflow peak (OP). This means that the 
rainfall intensity and outflow peak have no influence on the volume of stormwater 
runoff retained in the bioretention basin. This is due to the bioretention basin's ability 
to attenuate peak flow from high intensity rainfall events. Based on this, it can be 
summised that the influence of rainfall intensity and outflow peak are not very 
significant in terms of assessing water quality treatment performance of a 
bioretention basin.   
7.7 Bioretention Basin Water Quality Treatment Performance on Lumped 
Basis 
Water quality treatment performance of the bioretention basin was analysed by using 
event based lumped data and disaggregated data on time-step basis, separately. This 
section discusses the outcomes of the analysis undertaken using event based data. In 
this analysis, event based concentrations of a range of pollutant species were 
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compared at the inlet and outlet of the bioretention basin using PCA. This was to 
understand the changes in water quality due to treatment within the bioretention 
basin. For PCA, the data matrix shown in Table 7.7 was used. In this matrix, 
pollutant event mean concentrations (EMC) including EC, TSS, Nitrogen 
compounds (NH4, NO2, NO3 and TN), and Phosphorus compounds (PO4 and TP), 
were employed as variables, while the selected twelve rainfall events were employed 
as objects. The methodology adopted to obtain EMC is discussed in Section 6.6. The 
Object ID as shown in Table 7.7 reflects the station names and the rainfall event 
number. Bioretention basin inlet station is called “BI” and bioretention basin outlet 
station is called “BO”. The last digit of Object ID reflects the rainfall event number. 
Table 7.7 – Event mean water quality and pollutant concentration data matrix  
 
EC TSS NH4 NO2 NO3 TN PO4 TP
(μS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
29-01-2008 BI1 68.64 29.91 0.2043 0.0067 0.1600 0.9458 0.0422 0.1467
03-02-2008 BI2 62.33 44.67 0.1208 0.0078 0.2056 0.7807 0.0246 0.0790
17-03-2008 BI3 119.83 42.79 0.6941 0.0223 0.2194 1.2514 0.0864 0.2839
18-04-2008 BI4 73.33 59.97 0.1078 0.0571 0.1734 0.7359 0.0216 0.0905
29-05-2008 BI5 25.08 50.81 0.1050 0.0535 0.1306 0.7838 0.0617 0.2110
22-01-2009 BI6 78.36 22.36 0.0623 0.0495 0.1879 0.7318 0.0831 0.1902
29-01-2010 BI7 34.31 59.23 0.1782 0.0527 1.3530 3.8124 0.0497 0.3165
18-04-2010 BI8 58.33 58.01 0.0577 0.0046 0.1146 1.1390 0.0434 0.3021
23-06-2010 BI9 95.53 90.10 0.1544 0.0060 0.1852 0.7467 0.0484 0.2503
19-07-2010 BI10 34.08 78.02 0.0601 0.0132 0.3343 1.3838 0.1616 0.2698
02-03-2011 BI11 54.61 70.29 0.3090 0.0121 0.5235 3.2081 0.0325 0.2396
29-03-2011 BI12 67.12 67.54 0.2615 0.0019 0.1813 1.4840 0.0547 0.2305
29-01-2008 BO1 316.50 24.50 0.0782 0.0063 0.3000 1.1135 0.0142 0.0608
03-02-2008 BO2 122.11 43.22 0.0430 0.0107 0.3233 1.0230 0.0416 0.1249
17-03-2008 BO3 475.00 24.00 0.0517 0.0136 0.3317 1.8607 0.0277 0.1910
18-04-2008 BO4 161.33 15.58 0.0305 0.0478 0.3686 1.2536 0.0300 0.0890
29-05-2008 BO5 163.20 17.00 0.0304 0.0484 0.3200 1.2778 0.0312 0.0932
22-01-2009 BO6 318.89 14.22 0.0240 0.0690 0.3722 1.3359 0.0613 0.1558
29-01-2010 BO7 301.92 56.94 0.2058 0.0165 0.8146 3.0610 0.0688 0.2291
18-04-2010 BO8 510.33 49.73 0.0977 0.0068 0.1143 1.7067 0.0438 0.3966
23-06-2010 BO9 333.53 44.82 0.2128 0.0121 0.2519 1.0577 0.0366 0.2851
19-07-2010 BO10 412.83 42.92 0.0849 0.0217 0.5682 1.5261 0.0479 0.2440
02-03-2011 BO11 340.00 52.50 0.5405 0.0348 0.3136 2.5480 0.0655 0.2907
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In order to enhance the PCA, the dataset was standardised (auto scaled) to ensure all 
variables have equal weights in the analysis (Settle et al. 2007). The biplot with the 
first two principal components resulting from the PCA is shown in the Figure 7.7.  
Figure 7.7 shows that the inlet and outlet samples tend to cluster into two separate 
groups based on the projected scores on PC2 axis. Most inlet samples (Cluster A) 
show negative scores on PC2, while most outlet samples (Cluster B) show positive 
scores on PC2. This indicates that inlet and outlet samples are significantly different 
in term of their pollutant concentrations. This fact is confirmed by the row data set as 
shown in Table 7.7 where significant changes in values can be noted between inlet 
and outlet concentrations. This suggests that significant water quality changes occur 
when the stormwater flows from the inlet to the outlet through the bioretention basin.  
 
Figure 7.7 – Biplot of water quality and pollutant event mean concentration at the inlet 
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As evident in Figure 7.7, that outlet sample objects (Cluster A) are generally located 
in the same direction where the vectors of EC and nitrogen compounds are directed, 
while the inlet sample objects (Cluster B) are generally located in the same direction 
as the vectors of TSS and phosphorus compounds are directed. This indicates that 
while the concentration of TSS and phosphorus species decreases, EC and nitrogen 
species concentrations tend to increase due to the processes in the bioretention basin. 
This agrees with the results of previous studies which reported that the concentration 
reduction of nitrogen species is poor (Hatt et al. 2007; Henderson et al. 2007; 
Greenway 2008; Davis et al. 2006). Furthermore, similar trend in phosphorus 
compounds and TSS confirms that the phosphorus compounds are mostly available 
in particulate form, attached to suspended solids due to adsorption. 
The water quality treatment processes occurring in the bioretention basin as 
explained above is based on the comparison of the pollutant concentrations in the 
inlet and outlet stormwater samples. In order to understand the influence of hydraulic 
factors on stormwater treatment characteristics, inlet and outlet concentration data 
were further processed. Pre-processing was primarily done to calculate concentration 
reduction and load reduction based on the inlet and outlet quantity and quality. 
Analysis was performed based on pollutant concentration reduction and pollutant 
load reduction, separately.  
7.7.1 Hydrologic/Hydraulic factors and Pollutant Reduction 
The analysis of pollutant concentration reductions and their relationships to 
influential hydrologic and hydraulic factors were conducted using data from the 
twelve rainfall events monitored. Univariate statistical analysis was initially 
undertaken by calculating the mean, minimum, maximum, standard deviation and 




170  Chapter 7: Analysis of Bioretention Basin Performance 
 
Table 7.8 – Pollutant EMC reduction and hydrologic/hydraulic factors of the 
bioretention basin 
 
Table 7.8 shows high variability in the reduction of pollutants for the twelve 
monitored rainfall events. Only TSS consistently reduced while the other pollutants 
reduced for some rainfall events but increased for the others. The reduction of NH4 
concentration varied between -74.94% and 92.56%. On average NH4 reduced by 
11.67%. Similarly, reduction in concentration of PO4 and TP also varied from -
101.63% to 70.38% and from -58.09% to 58.54%, respectively. The average 
reduction of PO4 and TP were 9.48% and 7.10%, respectively. Researchers have 
noted that phosphorus is closely associated with suspended solids in stormwater 
runoff (Williamson 1985; Haygarth and Jarvis 1997; Uusitalo et al. 2000; Kwong 
2002). This fact can be confirmed by similar reduction of TSS concentrations and 
phosphorus compounds (PO4 and TP). The EMCs of three other pollutants, namely, 
NO2, NO3 and TN had varying reductions ranging from -186.18% to 68.69%, -
145.10% to 50.49% and -82.55%to 20.58%, respectively, with an average increase 
of 38.16%, 43.93% and 37.17%, respectively. Other than NH4 which was reduced, 
 Chapter 7: Analysis of Bioretention Basin Performance 171 
 
this study result agrees with the findings of previous researchers who found that the 
concentration of nitrogen species in bioretention basin can be elevated in the outflow 
(Hatt et al. 2007; Henderson et al. 2007; Greenway 2008; Davis et al. 2006).  
NO2 and NO3 are mostly in dissolved form and other nitrogen compounds in 
stormwater runoff can be present in both particulate and dissolved forms. The 
soluble nitrogen compounds including NO2 and NO3 from previous rainfall which 
are retained in the bioretention basin may leach when stormwater runoff passes 
through the bioretention basin filter media, causing the concentrations of NO2, NO3 
and TN to increase. Nitrification process during the period between rainfall events 
may reduce NH4 and increase NO2 and NO3 concentrations. As explained in Section 
3.4.5, the nitrification process consists of two stages. In the first stage, ammonia 
oxidation occurs when NH4 is converted to NO2 and in the second stage, nitrite 
oxidation occurs when the NO2 is converted to NO3 (Wetzel 1983; Patrick Jr. and 
Reddy 1976; Davies and Hart 1990). Therefore, the elevated concentration of NO2 
and NO3 and the decreased concentration of NH4 shown in Figure 7.7 suggest the 
possible existence of nitrification in the bioretention basin. 
Figure 7.8 presents the PC1 versus PC2 biplot resulting from the PCA undertaken 
based on the data presented in Table 7.8. The first two PCs account for 62.8% of 
data variance which can be considered to be adequate for interpretation. The analysis 
results were used to identify the influence of hydrologic and hydraulic factors in the 
reduction of pollutant concentration in the bioretention basin. Furthermore, the biplot 
shows that the hydrologic and hydraulic factors, and pollutant concentration 
reductions have formed the objects which are clustered with rainfall depth 
confirming previous analysis result using PROMETHEE (see Table 7.6) and GAIA 
(see Figure 7.6). Therefore, the same object classification was used for 
interpretations and the rainfall classification obtained from the analysis of hydrologic 
and hydraulic factors presented in Table 7.6 was used for the following analysis.  
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Figure 7.8 – Biplot of the pollutant concentration reduction and the bioretention basin 
hydrologic/hydraulic factors 
Figure 7.8 shows that the objects are clustered according to event clustering 
introduced in Section 7.6. Event clustering was primarily based on the rainfall depth 
and termed as High, Medium-High, Medium, and Low events as shown in Table 7.6. 
This classification is supported by the distribution of the data variance along the PC1 
axis, the axis which accounts the highest data variance (36.6%).    
The biplot also shows that TSS-R, PO4-R and TP-R loading vectors are very close to 
each other. This indicates a similar trend in the reductions of TSS, PO4 and TP 
concentrations during the recorded rainfall events. It has been noted by researchers 
such as Quinton et al. (2001), Uusitalo et al. (2000) and Zhao et al. (2007) that in 
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tendency to adsorb to soil particles and organic matter. This could be the primary 
reason for showing consistent concentration of PO4 and TP with TSS.  
Furthermore, Figure 7.8 shows an acute angle between the loading vector of 
antecedent dry period (AD) and the loading vectors of TSS-R, PO4-R and TP-R. 
This means that TSS, PO4 and TP concentrations reduce when the antecedent dry 
period increases. This could be attributed to the increased pollutant loads and higher 
particulate fraction during rainfall events with long antecedent dry period. 
Researchers such as Vaze et al. (2000) and Zafra et al. (2008b), have noted that 
pollutant build-up on surfaces increases with increased antecedent dry period. It was 
also noted that the average size of particulate pollutants increase when the antecedent 
dry period increases (Egodawatta and Goonetilleke 2006). High input loads with 
high particulate fraction would enhance TSS and TP reduction. 
Moreover, Figure 7.8 shows strong correlation of AD with NO2-R and NH4-R while 
showing a negative correlation with NO3-R and TN-R. This indicates that longer 
antecedent dry period reduces the concentration of NO2 and NH4, but increases the 
concentration of NO3 confirming previous observation that nitrification possibly 
occurs in the bioretention basin. Longer antecedent dry period allows ammonium 
oxidation, which would reduce NH4, and promote nitrite oxidation. This in turn 
reduces NO2 and increases NO3. 
It is possible to evaluate the relationship between objects and variables in a PCA 
biplot. The biplot (Figure 7.8) shows that most hydrologic and hydraulic factors are 
pointed in the direction of high rainfall. However, there is no correlation between the 
rainfall depth and any pollutant reduction vectors of the observed pollutants. 
7.7.2 Pollutant Load Reduction 
In the previous section, pollutant reduction in the bioretention basin was analysed 
based on concentration reduction. The analysis results show that the concentration of 
some pollutant species decreased (positive reduction) while the other pollutant 
species increased (negative reduction). However, this could provide misleading 
interpretation due to the significant reduction in the stormwater volume. The actual 
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amount of pollutant reduction therefore can be best presented based on the load 
reductions. Following is the analysis of pollutant reduction based on the load 
reduction. The data matrix was developed with pollutant load reduction and 
hydrologic/hydraulic factors as the variables and monitored rainfall events as the 
objects as shown in Table 7.9.  
Table 7.9 – Pollutant load reduction and hydrologic/hydraulic factors of the 
bioretention basin 
 
While the concentration of some pollutants reduced and some pollutants were 
elevated in the bioretention basin, the loads of all observed pollutants reduced (see 
Table 7.9). This is because of the significant reduction in the runoff volume retained 
in the filter media. The data matrix shown in Table 7.9 was subjected to PCA.  
 Chapter 7: Analysis of Bioretention Basin Performance 175 
 
 
Figure 7.9 – Biplot of the pollutant concentration reduction and the bioretention basin 
hydrologic/hydraulic factors 
 
Figure 7.9 shows the resulting PCA biplot of the first two principal components, PC1 
and PC2. A total data variance of 76.5% is explained by the first two PCs, which can 
considered sufficient for interpretation. As shown in Figure 7.9, events with 
relatively high, medium high, medium and low rainfall depths are clustered 
separately. Importantly, pollutant load reduction vectors, TSS-R, TN-R, NO2-R, 
NO3-R, TP-R and PO4-R are pointed towards medium rainfall depths. This suggests 
that the pollutant load reductions for these events are much superior compared to 
others. This is also supported by the negative correlation between pollutant load 
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Some load reduction vectors are also correlated with antecedent dry days (AD). 
Higher antecedent dry period typically leads to high retention of runoff volume 
within the bioretention basin filter media. This suggests that the higher percentage 
load reduction in medium and low events is due to high fraction of runoff retention 
within the system. 
All the percentage load reduction vectors are pointed in the same direction. This 
suggests a similar pattern in pollutant load reduction for all the pollutant species. The 
reason might be that the primary treatment processes in a bioretention basin are the 
processes that commonly reduce a range of pollutant species. In this regard, filtration 
could be the most dominant where consistent treatment can be expected for all types 
of particulate bound pollutants. 
Figure 7.9 also shows that NH4-R and AD are correlated to each other. This means 
that the longer the antecedent dry period, it results in a high percentage reduction in 
NH4 load. This suggests the possible contribution of the nitrification process in the 
treatment for events with long antecedent dry period. 
7.8 Water Quality Treatment Trend  
Analysis of the bioretention basin treatment performance in Section 7.7 was 
undertaken using event based pollutant reduction data which only gives the overall 
performance. It was necessary to undertake more in-depth analysis to investigate the 
treatment process during the occurrence of rainfall events. Detailed analysis was 
carried out by separating each rainfall event into segments based on the complete 
range of monitored data. Data matrix from the same twelve rainfall events which 
were used in the previous analysis was expanded accordingly. Unlike the previous 
analysis where the objects are the combined samples which represent the event mean 
concentration, in the following analysis the complete outlet samples from the 
selected rainfall events were taken as the objects of this data matrix. According to 
the classification given in Table 7.6, rainfall event no. 2, 5 and 6 were selected to 
represent high rainfall events. To represent low rainfall events, four events (3, 9, 10 
and 12) with the lowest rainfall depth were selected for the analysis. Data matrix for 
the selected rainfall events is given in Table 7.10 
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Table 7.10 – Outflow pollutant concentrations from bioretention basin for selected 
rainfall events 
 
EC TSS NH4 NO2 NO3 TN PO4 TP
ID (μS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
BO2-1 6.6 188.0 85.0 0.0350 0.0010 0.4800 1.3710 0.0400 0.1700
BO2-2 6.7 156.0 64.0 0.0520 0.0190 0.2000 0.9490 0.0320 0.1120
BO2-3 6.5 119.0 52.0 0.0520 0.0160 0.4000 1.3060 0.0340 0.1040
BO2-4 6.6 143.0 28.0 0.0170 0.0060 0.4500 1.2960 0.0260 0.0760
BO2-5 6.5 62.0 29.0 0.0950 0.0140 0.2000 0.9040 0.0690 0.2090
BO2-6 6.6 48.0 56.0 0.0840 0.0140 0.1000 0.7940 0.0690 0.1990
BO2-7 6.5 104.0 42.0 0.0180 0.0080 0.5000 1.0080 0.0470 0.1170
BO2-8 6.6 115.0 21.0 0.0210 0.0040 0.2800 0.7450 0.0410 0.0910
BO2-9 6.6 164.0 12.0 0.0130 0.0140 0.3000 0.8340 0.0160 0.0460
BO2 6.6 122.1 43.2 0.0430 0.0107 0.3233 1.0230 0.0416 0.1249
BO3-1 6.8 507.0 30.0 0.0160 0.0308 0.5000 1.6080 0.0410 0.1510
BO3-2 7.4 514.0 23.0 0.0330 0.0080 0.4800 1.9680 0.0320 0.1220
BO3-3 7.0 404.0 19.0 0.1060 0.0020 0.0150 2.0060 0.0100 0.3000
BO3 7.1 475.0 24.0 0.0517 0.0136 0.3317 1.8607 0.0277 0.1910
BO5-1 6.8 123.0 47.0 0.0080 0.0420 0.3000 1.3220 0.0410 0.1510
BO5-2 7.0 163.0 19.0 0.0440 0.0500 0.4000 1.3830 0.0340 0.0940
BO5-3 6.9 169.0 10.0 0.0340 0.0500 0.3000 1.2640 0.0270 0.0770
BO5-4 6.9 175.0 6.0 0.0240 0.0500 0.3000 1.2710 0.0290 0.0790
BO5-5 7.2 186.0 3.0 0.0420 0.0500 0.3000 1.1490 0.0250 0.0650
BO5 7.0 163.2 17.0 0.0304 0.0484 0.3200 1.2778 0.0312 0.0932
BO6-1 6.6 175.0 20.0 0.0190 0.1030 0.5100 1.6030 0.1340 0.3140
BO6-2 6.8 272.0 12.0 0.0320 0.0990 0.5400 1.5290 0.0840 0.2040
BO6-3 6.7 303.0 9.0 0.0290 0.0760 0.3600 1.2660 0.0730 0.1730
BO6-4 6.6 388.0 10.0 0.0240 0.0490 0.2100 1.2090 0.0540 0.1340
BO6-5 6.6 384.0 14.0 0.0200 0.0450 0.2000 1.1250 0.0490 0.1390
BO6-6 7.2 381.0 20.0 0.0170 0.0140 0.4300 1.3060 0.0390 0.1090
BO6-7 6.6 307.0 15.0 0.0190 0.0800 0.3500 1.3100 0.0380 0.1080
BO6-8 6.6 306.0 15.0 0.0340 0.0810 0.4000 1.3410 0.0440 0.1140
BO6-9 6.7 354.0 13.0 0.0220 0.0740 0.3500 1.3340 0.0370 0.1070
BO6 6.7 318.9 14.2 0.0240 0.0690 0.3722 1.3359 0.0613 0.1558
BO9-1 6.7 441.0 54.3 0.3368 0.0058 0.2690 0.9022 0.0343 0.4183
BO9-2 6.7 449.3 48.3 0.3125 0.0089 0.2270 1.1098 0.0262 0.2691
BO9-3 6.5 263.1 42.8 0.3057 0.0173 0.2467 1.2698 0.0385 0.2867
BO9-4 6.5 261.0 38.1 0.3178 0.0111 0.2827 0.9494 0.0395 0.1963
BO9-5 6.6 253.2 40.6 0.2912 0.0175 0.2342 1.0574 0.0445 0.2550
BO9 6.6 333.5 44.8 0.3128 0.0121 0.2519 1.0577 0.0366 0.2851
BO10-1 6.7 373.0 58.4 0.1342 0.0155 0.7728 1.0246 0.0374 0.1562
BO10-2 6.7 277.0 49.5 0.0566 0.0227 0.8264 1.6786 0.0689 0.2468
BO10-3 6.6 278.0 37.8 0.0950 0.0216 0.8221 2.0901 0.0746 0.2525
BO10-4 6.6 449.0 46.1 0.1792 0.0201 0.2606 1.2191 0.0302 0.2624
BO10-5 6.6 504.0 34.5 0.1382 0.0297 0.4200 2.0604 0.0434 0.2683
BO10-6 6.6 596.0 31.2 0.1563 0.0204 0.3076 1.0841 0.0326 0.2780
BO10 6.6 412.8 42.9 0.1266 0.0217 0.5682 1.5261 0.0479 0.2440
BO12-1 6.6 396.0 76.0 0.5280 0.0030 0.0429 2.2537 0.0011 1.0526
BO12-2 6.8 408.0 54.0 0.6060 0.0050 0.0336 2.0167 0.0027 0.0350
BO12-3 6.8 395.0 60.0 0.5620 0.0070 0.0611 2.3372 0.0090 0.1894
BO12-4 6.7 385.0 70.0 0.5020 0.0070 0.0328 2.8379 0.0097 0.0812
BO12-5 6.5 414.0 54.0 0.7210 0.0010 0.0560 2.4037 0.0078 0.1359
BO12-6 6.4 444.0 54.0 0.8450 0.0090 0.0435 3.2718 0.0063 0.1601
BO12-7 6.4 295.0 30.0 0.3470 0.0013 0.3083 2.6675 0.0515 0.0544
BO12-8 6.3 378.0 40.0 0.6110 0.0023 0.2038 2.6494 0.0402 0.1424
BO12-9 6.3 391.0 40.0 0.4680 0.0030 0.0261 2.4193 0.0791 0.1044
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The objects were the samples taken from the bioretention basin outlet during the 
rainfall events and using symbol BOx-y. BO refers to the bioretention outlet, x 
represents the rainfall event number, while y represents the outlet sample number for 
the specific rainfall event. Therefore, BO3-2 represents the outlet sample number 2 
taken from the 3rd rainfall event. The pollutant concentrations measured in the outlet 
samples were taken as variables in the data matrix. Analysis was undertaken using 
PCA and the resulting biplot is presented in Figure 7.10. 
 
Figure 7.10 – Biplot of the outlet sample pollutant concentrations for selected rainfall 
events. 
As shown in Figure 7.10, objects representing relatively high and low rainfall depths 
are clustered separately based on the scores associated with PC1 axis. This suggests 
that the outflow concentration is dependent on the rainfall depth received and related 
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Based on the spread of pollutant vectors, it can be suggested that the TSS, TP and 
NH4 outflow concentrations are higher for relatively low rainfall depth events, 
whereas NO3 and NO2 concentrations are high for relatively high rainfall events. 
This suggests the potential leaching of pollutants such as TSS, TP and NH4 from 
bioretention filter media during low flow events contributing to high concentrations 
at the outlet. For relatively large events, concentration could be lower due to 
potential dilution. High concentration of NO3 and NO2 in large events could be due 
to high removal of these pollutants which are in soluble form. 
The pattern of the object distribution shown in Figure 7.10 is important to note. In 
most of the cases, the first outflow sample from each rainfall event is located in 
positive PC2 axis. Consequent samples are recorded as random loadings in PC2. 
This suggests that the leaching of pollutants mostly occurs at the initial part of the 
outflow.  
7.9 Conclusions 
The chapter has discussed the analysis of the hydraulic performance of a bioretention 
basin and the relationship with rainfall characteristics and hydraulic factors which 
affects the performance. The main conclusions derived from the analysis are as 
follows: 
• Even though the bioretention basin was designed with equivalent area of 3.8% 
with respect to its contributing catchment, rainfall events larger than 1.5 months 
ARI were subjected to bypass. Typical WSUD designs in South East 
Queensland, Australia are expected to target the treatment of runoff from up to 3 
months ARI rainfall. Failure to achieve this could be attributed to design, 
construction or management issues. 
• The approaches adopted to develop the bioretention basin hydraulic conceptual 
model in this study are satisfactory. The average coefficient of determination of 
model-measured outflow discharge, R2 of 0.92 confirms the suitability of the 
model developed to simulate hydraulic factors. 
• In bioretention basins, removal of pollutants by adsorption and filtration is 
dominant. However, highest removal of pollutant loading is achieved by 
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retaining a significant portion of the runoff volume. This makes volume 
retention an important factor, and is a function of antecedent dry period and 
contributed wetted area. This highlights the need to distribute inflow evenly in 
the bioretention basin area. Furthermore, the presence of vegetation can enhance 
retention capacity by reducing filter media moisture content rapidly during dry 
periods. Since treatment in a bioretention basin is highly correlated with volume 
of runoff retained, other variables such as peak flow and rainfall intensity are not 
significant. Unlike a constructed wetland, outflow EMC in a bioretention basin 
can be significantly variable. Variability of outflow quality is attributed to 
variation in inflow and antecedent conditions in the bioretention basin. 
• EMC reduction in the bioretention basin was inconsistent. For TSS it can range 
from 3% to 74%, for TN it can range from -83% to 21% and for TP it can range 
from -58% to 59%. 
• Bioretention basin showed potential for pollutant leaching and to produce plug 
flow discharge of pollutants. This could be due to flushing of runoff retained in 
the filter media from the preceding rainfall event which could have contained 
elevated dissolved nutrient concentrations due to evapotranspiration.  
• The concentration reductions of TSS and phosphorus compounds were strongly 
correlated. Concentration of TSS and phosphorus compounds reduced in the 
outflow and the reduction is in line with the increase in antecedent dry period. 
When the antecedent dry period increased, the amount and average size of 
particulate pollutant also increased. This resulted in more solid particles being 
filtered and consequently reduced the TSS concentration and phosphorus bound 
to TSS. 
• Longer antecedent dry period reduces the concentration of NO2 and NH4, but 
increased NO3 concentration. This is an indication of the nitrification process 
occurring within the bioretention basin. Longer antecedent period allows 
ammonium oxidation which reduces NH4 and promotes nitrite oxidation which 
reduces NO2 and increases NO3.  
• Even though nitrogen concentrations are more often elevated in the bioretention 
basin outlet, the overall loadings of all pollutants were reduced. For TSS, the 
overall load reduction rate was 74% ranging from 28% to 94%, for TN the 
overall loading reduction rate was 45% ranging from 1.82% to 88% and for TP 
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the overall loading reduction rate was 62% ranging from -18% to 90%. All 
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8.1.1 Overview of the Research Study 
The thesis provides a detailed analysis of the hydraulic and water quality treatment 
performance and the treatment characteristics of two common WSUD devices; 
constructed stormwater wetland and bioretention basin. The research study also 
established the linkages between influential hydrologic and hydraulic and rainfall 
factors on water quality treatment processes for each device. The analysis undertaken 
was primarily based on the monitoring data from a constructed stormwater wetland 
and bioretention basin located in the Gold Coast region, Australia. Outcomes of this 
study provide essential in-depth understanding to enhance the design, management 
and maintenance of constructed stormwater wetland and bioretention basin which are 
important Water Sensitive Urban Design (WSUD) devices. 
The data from field monitoring was supported by additional data generated from the 
hydraulic conceptual models developed for the constructed wetland and the 
bioretention basin. The primary objective of the models was to simulate the 
hydraulic conditions within the systems based of measured input and output data and 
to generate hydraulic variables which influence water quality treatment within the 
devices. The conceptual models were calibrated using the measured rainfall and 
runoff data prior to deriving the variables required for further analysis.  
Multivariate statistical techniques played a key role in the data analysis undertaken. 
These techniques were used primarily to explore the relationships and to establish 
linkages among rainfall, hydrologic and hydraulic factors, and water quality 
treatment performance of the WSUD devices. In this regard, PCA and 
PROMETHEE and GAIA techniques were utilised. 
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Outcomes of the study showed less than anticipated effectiveness of both monitored 
systems. Despite the system sizes being more than the threshold levels recommended 
by guidelines, the constructed wetland and bioretention basin experienced bypass 
flow well below that of the equivalent three month average recurrence interval 
design rainfall event. Typical WSUD designs in Southeast Queensland are expected 
to treat runoff up to 3 months ARI rainfall.   
8.1.2 Treatment Performance of the Constructed Stormwater Wetland 
The key conclusions derived in relation to the linkages between hydrologic and 
hydraulic factors and treatment performance of the constructed wetland are as 
follows: 
• Though the constructed wetland discharged runoff with relatively consistent 
quality, the reduction in event mean concentration (EMC) with respect to inflow 
quality is significantly variable. This proves that factors such as rainfall and 
hydraulic factors play an important role in the water quality treatment processes 
of the constructed stormwater wetlands. 
• In constructed wetlands, hydraulic retention time plays a key role in determining 
pollutant concentration reduction efficiencies. Longer retention time results in 
better pollutant treatment. However, the study result shows that even though 
TSS and TN treatment improved, TP treatment was not affected by retention 
time despite fact that phosphorus compounds are typically attached to 
particulates. 
• Improvement in TSS and TN treatment for longer retention time confirmed the 
effectiveness of fine particulate settling and nitrification-denitrification process 
in a constructed wetland. Therefore, constructed wetland design and installation 
targeting TSS and TN should consider an appropriate retention time. 
• Rainfall characteristics, particularly rainfall depth influence the treatment and 
the trend of pollutant load reduction in a constructed wetland. During rainfall 
events with low rainfall depth, the trend of TSS, TN and TP reduction was found 
to be higher at the beginning and then decreases with time. This is attributed to 
the discharge of already treated stormwater from wetland cells. Conversely, for 
rainfall with high rainfall depth, the trend is lower at the beginning, suggesting 
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the rapid mixing of untreated inflow and treated stormwater stored in wetland 
cells due to high velocity. 
• Influence of outflow discharge rate is minimal on the treatment of stormwater in 
a constructed wetland. Since outflow discharge is strongly influenced by the 
inflow discharge, this implies that rainfall intensity and inflow rate also have 
minimal influence on treatment performances.  
8.1.3 Treatment Performance of the Bioretention Basin 
The key findings from the analysis of the bioretention basin data are as follows: 
• Unlike a constructed wetland, outflow EMC from a bioretention basin can be 
significantly variable. Variability of outflow quality is attributed to variation in 
inflow and antecedent conditions. 
• When designing bioretention basins, runoff volume retention is considered as 
the most important factor. This is due to the strong correlation between 
treatment performance and pollutant load reductions to the volume of runoff 
retained within the filter media. Consequently, other factors which contribute to 
the volume retention such as antecedent dry period, runoff volume treated and 
contributed wetted area are also important.  
• Conversely, rainfall characteristics (rainfall depth and intensity) and outflow 
peak showed less influence on bioretention basin performance. However, since 
the bypass influences the effectiveness of a bioretention basin, selecting an 
appropriate dimension remains important. 
• In a bioretention basin, a longer antecedent dry period reduces the 
concentrations of NO2 and NH4 while increasing the concentration of NO3. This 
is an indication of the nitrification process occurring within the bioretention 
basin. A longer antecedent period allows ammonium oxidation which reduces 
NH4 and promotes nitrite oxidation which reduces NO2 and increase NO3.  
• Rainfall depth is an influential factor which affects the trend of phosphorus 
removal. For small rainfall events, phosphorus removal increases from the 
beginning to the end. Conversely, for large rainfall events, the trend of 
phosphorus removal decreases from beginning to the end, whereas nitrogen 
removal shows no identifiable trends. 
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• Pollutant leaching is another important factor in bioretention basin treatment 
performance. Pollutant leaching increases the concentration of some pollutants, 
particularly nitrogen compounds. This could be due to flushing of runoff 
retained in the filter media from the proceeding rainfall events which contains 
elevated concentrations due to evapotranspiration. Increase in pollutant 
concentrations in bioretention filter media in the long term may cause pollutant 
export. This highlights the requirement of timely replacement of filter media. 
8.2 Recommendations for Further Research 
As concluded above, this study generated important knowledge on the hydraulic and 
water quality treatment performance of a constructed stormwater wetland and a 
bioretention basin. The study also identified a number of knowledge gaps which 
require further investigation to complement the findings of this study. Based on this, 
further research is recommended on the following: 
• The research study investigated the performance of WSUD devices located in 
a residential catchment and there was no variation in the catchment 
characteristics. In order to further enhance the understanding, WSUD 
systems placed in catchments with different land uses should be investigated.   
• The research study investigated only a bioretention basin and a constructed 
stormwater wetland. It is recommended that research should also be 
undertaken to investigate other WSUD devices such as a filter strip and 
bioretention swale system. 
• The research study only focused on selected pollutants, primarily, TSS and 
nutrients. As heavy metals and hydrocarbons are also important pollutants in 
the urban environment, similar research should be conducted focusing on 
heavy metals and hydrocarbons.  
• There was indication that nitrification process exists in a bioretention basin. 
However, since nitrification should only occur under aerobic conditions and 
normally in open water because the process is oxygen dependent, further 
detailed investigation of treatment processes occurring in bioretention basins 
should be undertaken. 
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• The research study investigated the response of the WSUD devices to the 
inflow runoff in entirety. Investigations are also needed to investigate their 
response at a particular point during a runoff event such as the response to 
first flush. 
• The research study was undertaken to investigate the performance of WSUD 
systems using a model based on conceptual approaches and multivariate 
analysis. It is recommended that detailed investigations should be undertaken 
using laboratory scale models to investigate the hydraulic and water quality 
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Constructed Wetland Bioretention Basin 
Rain- 
fall 
inlet A inlet B outlet inlet outlet 
flow sample flow sample flow sample flow sample flow sample 
1 04-09-2007 √ -- √ -- √ -- √ -- √ -- -- 
2 09-10-2007 -- -- -- -- -- -- -- -- -- -- √ 
3 10-10-2007 -- -- -- -- √ √ -- -- -- -- √ 
4 12-10-2007 √ -- -- -- √ -- √ -- √ -- √ 
5 25-10-2007 √ -- -- -- √ -- √ √ -- √ √ 
6 28-10-2007 -- -- -- -- √ -- √ √ √ -- √ 
7 31-10-2007 -- -- -- -- √ -- √ √ √   √ 
8 06-11-2007 √ -- -- -- -- -- -- -- -- -- √ 
9 07-11-2007 √ -- -- -- √ -- -- -- -- -- √ 
10 08-11-2007 -- -- -- -- -- -- -- -- -- -- √ 
11 17-11-2007 √ -- -- -- -- -- √ -- √   √ 
12 21-11-2007 √ -- -- -- √ -- -- -- -- -- √ 
13 26-11-2007 √ -- -- --   -- -- -- -- -- √ 
14 02-12-2007 √ -- -- -- √ -- √ -- -- -- √ 
15 08-12-2007 -- -- -- -- -- -- √ √ √ -- √ 
16 29-01-2008 -- -- -- -- -- -- √ √ √ √ √ 
17 03-02-2008 -- -- -- -- -- -- √ √ √ √ √ 
18 06-03-2008  -- -- √ √ √ -- √ √ -- -- √ 
19 08-03-2008 √ √ √ √ √ -- √ -- -- -- √ 
20 17-03-2008 √ √ √ √ -- -- √ √ √ √ √ 
21 05-04-2008 √ √ √ √ √ √ √ -- -- -- √ 
22 18-04-2008 √ √ √ √ √ √ √ √ √ √ √ 
23 14-05-2008 √ √ √ √ -- -- √ √ -- -- √ 
24 29-05-2008 √ √ √ √ √ √ √ √ √ √ √ 
25 09-10-2008 -- -- -- -- -- -- √ -- √ √ √ 
26 25-11-2008 √ -- √ -- √ -- -- -- -- -- √ 
27 29-12-2008 -- -- -- -- -- -- √ √ -- -- √ 
28 22-01-2009 √ -- √ -- √ -- √ √ √ √ √ 
29 11-02-2009 √ √ √ √ √ √ -- -- √ -- √ 
30 04-03-2009 √ √ √ √ √ √ √ √ -- -- √ 
31 08-09-2009 √ -- √ -- √ -- √ -- -- -- √ 
32 27-10-2009 √ √ √ -- √ √ √ -- √ √ √ 
33 29-01-2010 √ √ √ √ √ √ √ √ √ √ √ 
34 18-04-2010 √ √ √ √ √ √ √ √ √ √ √ 
35 21-05-2010 √ -- √ -- √ -- √ -- √ -- √ 
36 29-05-2010 √ -- √ -- √ -- √ -- √ -- √ 
37 23-06-2010 √ √ √ √ √ √ √ √ √ √ √ 
38 19-07-2010 √ √ √ √ √ √ √ √ √ √ √ 
39 02-03-2011 √ √ √ √ √ √ √ √ √ √ √ 
40 29-03-2011 √ √ √ √ √ √ √ √ √ √ √ 
TOTAL 11 COMPLETE 12 COMPLETE   
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Table A.2 Typical Rainfall data 
 





04/11/2008   00:34 1 0.2 
04/11/2008   00:35 2 0.2 
04/11/2008   00:35 3 0.2 
04/11/2008   00:35 4 0.2 
04/11/2008   00:35 5 0.2 
04/11/2008   00:36 6 0.2 
04/11/2008   00:36 7 0.2 
04/11/2008   00:36 8 0.2 
04/11/2008   00:36 9 0.2 
04/11/2008   00:37 10 0.2 
04/11/2008   00:37 11 0.2 
04/11/2008   00:38 12 0.2 
04/11/2008   00:38 13 0.2 
04/11/2008   00:38 14 0.2 
04/11/2008   00:39 15 0.2 
04/11/2008   00:39 16 0.2 
04/11/2008   00:39 17 0.2 
04/11/2008   00:39 18 0.2 
04/11/2008   00:40 19 0.2 
04/11/2008   00:41 20 0.2 
04/11/2008   00:42 21 0.2 
04/11/2008   00:42 22 0.2 
04/11/2008   00:42 23 0.2 
04/11/2008   00:43 24 0.2 
04/11/2008   00:44 25 0.2 
04/11/2008   00:44 26 0.2 
04/11/2008   00:44 27 0.2 
04/11/2008   00:45 28 0.2 
04/11/2008   00:45 29 0.2 
04/11/2008   00:47 30 0.2 
04/11/2008   00:47 31 0.2 
04/11/2008   01:00 32 0.2 
04/11/2008   02:47 33 0.2 
04/11/2008   03:10 34 0.2 
04/11/2008   03:14 35 0.2 
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Table A.3 Typical Flow data 
 
Date and Time 
Record 
Number 
Depth          
(mm) 
16/11/2008    05:20:00 47117 11.2424 
16/11/2008    05:20:20 47118 15.7974 
16/11/2008    05:20:40 47119 9.5969 
16/11/2008    05:21:00 47120 9.0247 
16/11/2008    05:21:20 47121 7.0214 
16/11/2008    05:21:40 47122 6.5445 
16/11/2008    05:22:00 47123 8.3569 
16/11/2008    05:22:20 47124 4.7321 
16/11/2008    05:22:40 47125 14.0089 
16/11/2008    05:23:00 47126 5.9960 
16/11/2008    05:23:20 47127 5.7337 
16/11/2008    05:23:40 47128 9.3585 
16/11/2008    05:24:20 47129 11.4571 
16/11/2008    05:24:40 47130 11.4809 
16/11/2008    05:25:00 47131 14.5811 
16/11/2008    05:25:20 47132 9.7639 
16/11/2008    05:25:40 47133 14.3189 
16/11/2008    05:26:00 47134 4.1120 
16/11/2008    05:26:20 47135 6.2583 
16/11/2008    05:26:40 47136 8.2377 
16/11/2008    05:27:00 47137 9.2631 
16/11/2008    05:27:20 47138 8.3330 
16/11/2008    05:27:40 47139 3.9212 
16/11/2008    05:28:00 47140 13.8180 
16/11/2008    05:28:20 47141 9.0485 
16/11/2008    05:28:40 47142 4.8751 
16/11/2008    05:29:00 47143 8.0707 
16/11/2008    05:29:20 47144 10.5747 
16/11/2008    05:29:40 47145 10.4078 
16/11/2008    05:30:00 47146 12.1964 
16/11/2008    05:30:20 47147 14.0327 
16/11/2008    05:30:40 47148 4.0881 
16/11/2008    05:31:00 47149 14.3903 
16/11/2008    05:31:20 47150 3.1343 
16/11/2008    05:31:40 47151 11.4571 
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Table B.1 - Laboratory test results for constructed wetland samples 
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Table B.2 - Laboratory test results for bioretention basin samples 
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MMF regression model is expressed by the following equation: 
 G = =

=   
Resulting coefficients, coefficient of determination and standard error are in the 
following table: 
 










a = -8.55055 x 10-4 
b = 222.310 
c = 15.7368 







a = -1.59261 x 10-2 
b = 38.8680 
c = 8.91392 







a = 3.35185 x 10-3 
b = 386.642 
c = = 32.2859 
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Table D1 – Data Matrix of cumulative pollutant load reduction (%) for runoff 
volume and hydraulic parameters 
 







ID TSS NH4 NO2 NO3 TN PO4 TP RT OP OQ OV AD
10 W1-1 28.0 17.0 7.0 18.5 16.0 14.0 14.5 2.85 1.163E-03 7.570E-04 9.81 0.38
20 W1-2 39.0 28.5 13.0 27.5 24.0 24.5 22.0 2.56 1.163E-03 8.827E-04 19.62 0.41
30 W1-3 43.5 40.5 21.0 41.5 34.0 32.0 28.5 2.55 1.163E-03 8.966E-04 29.43 0.41
40 W1-4 54.5 48.0 25.0 48.0 40.5 39.0 34.0 2.58 1.163E-03 8.776E-04 39.24 0.41
50 W1-5 61.0 55.0 25.5 53.0 44.5 50.5 40.0 2.64 1.163E-03 8.424E-04 49.05 0.40
60 W1-6 66.0 62.0 25.5 58.0 48.0 62.5 46.0 2.70 1.163E-03 8.135E-04 58.86 0.39
70 W1-7 71.5 69.0 25.5 63.5 51.5 74.5 52.0 2.77 1.163E-03 7.815E-04 68.67 0.38
80 W1-8 76.5 76.0 26.0 68.5 55.0 87.0 58.0 2.83 1.163E-03 7.570E-04 78.48 0.38
90 W1-9 80.5 84.5 27.5 74.5 59.0 90.5 60.0 2.97 1.163E-03 7.053E-04 88.29 0.37
1 100 W1-10 82.0 92.5 27.5 78.5 62.0 93.0 62.0 3.17 1.163E-03 6.423E-04 98.09 0.35
10 W2-1 3.0 20.5 0.0 16.0 7.0 13.5 9.0 2.97 1.713E-03 1.171E-03 49.31 0.46
20 W2-2 11.0 29.0 0.0 22.0 8.0 22.0 14.5 2.76 2.063E-03 1.438E-03 98.61 0.52
30 W2-3 14.0 31.5 0.0 22.5 5.0 35.5 21.5 2.67 2.318E-03 1.615E-03 147.92 0.55
40 W2-4 16.0 34.0 0.0 22.0 1.5 49.0 28.5 2.61 2.319E-03 1.735E-03 197.22 0.57
50 W2-5 19.0 40.5 1.0 27.5 1.0 59.0 34.0 2.59 2.319E-03 1.779E-03 246.53 0.58
60 W2-6 28.5 50.0 5.0 33.0 3.0 64.0 39.5 2.59 2.319E-03 1.770E-03 295.83 0.58
70 W2-7 46.0 56.0 7.0 37.0 6.5 68.5 48.0 2.60 2.319E-03 1.707E-03 345.14 0.57
80 W2-8 61.5 62.5 7.0 41.5 8.0 73.5 56.0 2.64 2.319E-03 1.598E-03 394.44 0.55
90 W2-9 77.0 65.0 6.5 46.5 10.0 79.0 64.0 2.74 2.319E-03 1.417E-03 443.75 0.51
2 100 W2-10 92.5 69.5 7.0 52.0 12.0 84.0 72.0 2.93 2.319E-03 1.197E-03 493.05 0.46
10 W3-1 11.0 1.5 0.0 3.0 3.0 5.5 5.5 2.67 2.659E-03 1.772E-03 52.43 0.59
20 W3-2 22.0 7.0 0.0 5.5 6.0 10.5 9.5 2.57 2.696E-03 2.116E-03 104.86 0.65
30 W3-3 34.0 10.0 0.0 8.0 9.0 11.0 14.0 2.52 2.696E-03 2.214E-03 157.29 0.67
40 W3-4 40.0 15.0 0.0 12.0 10.0 13.0 16.5 2.51 2.696E-03 2.269E-03 209.73 0.68
50 W3-5 48.0 29.0 0.0 15.0 13.0 19.5 22.5 2.49 2.696E-03 2.280E-03 262.16 0.68
60 W3-6 55.5 42.0 0.0 18.5 18.0 26.5 29.5 2.49 2.696E-03 2.231E-03 314.59 0.67
70 W3-7 62.5 48.0 0.0 19.5 23.0 33.5 42.0 2.50 2.696E-03 2.144E-03 367.02 0.65
80 W3-8 70.0 55.0 1.0 20.0 28.0 45.5 57.0 2.53 2.696E-03 2.010E-03 419.45 0.63
90 W3-9 78.0 69.5 7.5 24.0 35.0 62.0 72.5 2.58 2.696E-03 1.832E-03 471.88 0.59
3 100 W3-10 86.0 84.0 14.5 28.0 42.5 78.5 89.0 2.70 2.696E-03 1.564E-03 524.32 0.54
10 W4-1 13.0 8.5 10.0 17.0 -15.0 5.5 10.5 5.83 1.071E-03 3.636E-04 16.75 0.28
20 W4-2 26.0 17.5 9.0 32.0 -22.0 7.5 18.0 4.50 1.071E-03 5.270E-04 33.50 0.32
30 W4-3 38.0 27.5 9.5 46.5 -1.0 10.5 24.0 4.11 1.071E-03 6.025E-04 50.26 0.34
40 W4-4 52.0 39.5 15.0 54.0 5.0 12.5 27.0 3.97 1.071E-03 6.326E-04 67.01 0.35
50 W4-5 58.0 53.0 17.5 61.0 7.0 15.5 24.5 3.96 1.071E-03 6.290E-04 83.76 0.35
60 W4-6 62.0 61.0 15.0 67.0 7.0 20.5 23.0 4.13 1.071E-03 5.896E-04 100.51 0.34
70 W4-7 64.5 65.5 13.0 71.5 6.5 37.5 27.0 4.39 1.071E-03 5.338E-04 117.27 0.33
80 W4-8 65.5 69.0 9.5 76.0 6.5 58.5 32.5 4.80 1.071E-03 4.712E-04 134.02 0.31
90 W4-9 65.0 71.5 5.5 80.5 5.0 75.5 37.0 5.39 1.071E-03 3.932E-04 150.77 0.29
4 100 W4-10 64.5 74.0 3.0 85.0 4.0 87.5 42.0 6.29 1.071E-03 3.021E-04 167.52 0.25
10 W5-1 30.0 6.5 8.0 17.0 9.5 7.0 1.0 3.79 7.527E-04 5.569E-04 4.42 0.34
20 W5-2 63.5 11.0 10.0 26.5 14.5 10.0 0.0 3.46 7.527E-04 6.211E-04 8.84 0.35
30 W5-3 68.0 17.0 7.5 36.5 14.0 12.0 -11.0 3.43 7.527E-04 6.249E-04 13.26 0.35
40 W5-4 77.5 22.5 0.0 44.0 13.0 15.0 -19.0 3.55 7.527E-04 5.994E-04 17.68 0.34
50 W5-5 68.5 30.0 -6.0 51.5 16.0 21.0 -18.0 3.73 7.527E-04 5.629E-04 22.09 0.33
60 W5-6 69.0 37.0 -7.5 58.5 20.5 30.5 -13.5 3.92 7.527E-04 5.289E-04 26.51 0.33
70 W5-7 68.0 45.0 -6.5 65.0 21.0 42.0 -12.0 4.14 7.527E-04 4.934E-04 30.93 0.32
80 W5-8 67.5 52.5 -6.0 72.0 22.0 54.5 -9.5 4.44 7.527E-04 4.519E-04 35.35 0.31
90 W5-9 67.5 60.0 -4.5 79.0 22.0 66.0 -7.0 5.05 7.527E-04 3.885E-04 39.77 0.29



































 Appendix D 237 
 
 
10 W6-1 0.0 98.0 -2.5 5.0 9.5 1.5 14.0 2.72 2.477E-03 1.371E-03 59.40 0.47
20 W6-2 6.5 100.0 -7.5 7.0 12.5 5.0 18.0 2.49 2.477E-03 1.667E-03 118.80 0.52
30 W6-3 8.0 100.0 -12.0 9.5 13.0 10.0 17.0 2.44 2.477E-03 1.700E-03 178.20 0.53
40 W6-4 9.5 100.0 -17.0 11.5 13.5 15.0 15.5 2.45 2.477E-03 1.619E-03 237.60 0.52
50 W6-5 11.5 100.0 -22.5 14.0 14.0 21.0 14.5 2.45 2.477E-03 1.578E-03 297.01 0.51
60 W6-6 13.0 100.0 -27.5 15.5 14.5 26.0 13.5 2.46 2.477E-03 1.551E-03 356.41 0.51
70 W6-7 14.5 100.0 -33.0 17.5 15.0 32.0 12.5 2.46 2.477E-03 1.519E-03 415.81 0.50
80 W6-8 16.5 100.0 -38.0 19.5 15.0 37.0 11.5 2.47 2.477E-03 1.510E-03 475.21 0.50
90 W6-9 18.0 100.0 -43.5 22.0 16.0 43.0 10.5 2.50 2.477E-03 1.448E-03 534.61 0.49
6 100 W6-10 19.5 100.0 -48.0 24.0 16.5 48.0 9.0 2.65 2.477E-03 1.255E-03 594.01 0.45
10 W7-1 17.5 8.5 19.5 6.0 3.0 6.0 0.0 4.88 8.090E-04 4.612E-04 38.31 0.31
20 W7-2 26.0 -8.0 31.0 11.0 4.5 12.5 -2.0 3.91 1.763E-03 6.645E-04 76.62 0.36
30 W7-3 31.0 -22.5 31.0 17.0 7.0 13.0 -2.0 3.46 1.768E-03 8.361E-04 114.93 0.39
40 W7-4 35.0 -36.5 29.0 22.5 9.5 15.5 -2.0 3.26 1.768E-03 9.414E-04 153.23 0.42
50 W7-5 39.0 -49.5 28.0 27.5 12.0 17.5 -2.5 3.16 1.768E-03 1.003E-03 191.54 0.43
60 W7-6 43.0 -63.0 26.0 32.5 14.0 19.5 -2.0 3.09 1.768E-03 1.054E-03 229.85 0.44
70 W7-7 47.0 -77.0 24.5 38.0 16.0 22.0 -2.0 3.05 1.768E-03 1.080E-03 268.16 0.45
80 W7-8 51.0 -90.0 22.5 43.0 18.5 24.5 -2.0 3.05 1.768E-03 1.069E-03 306.47 0.44
90 W7-9 55.0 -104.0 21.0 48.5 20.5 26.0 -2.0 3.11 1.768E-03 1.017E-03 344.78 0.43
7 100 W7-10 59.5 -118.0 19.0 54.0 23.0 28.0 -2.0 3.33 1.768E-03 8.827E-04 383.09 0.40
10 W8-1 10.5 2.5 6.5 10.5 4.0 3.5 1.0 3.62 7.975E-04 5.864E-04 9.31 0.34
20 W8-2 18.0 5.0 10.0 16.0 7.0 6.0 1.0 3.26 8.704E-04 6.725E-04 18.63 0.36
30 W8-3 25.5 7.0 14.0 22.0 10.0 8.0 1.0 3.04 9.690E-04 7.420E-04 27.94 0.38
40 W8-4 33.5 9.0 17.5 28.0 13.5 10.5 1.5 2.97 9.690E-04 7.671E-04 37.26 0.38
50 W8-5 41.0 11.5 21.0 34.0 16.5 12.5 1.5 2.97 9.690E-04 7.637E-04 46.57 0.38
60 W8-6 48.5 14.0 24.0 39.5 19.5 14.5 2.0 3.06 9.690E-04 7.323E-04 55.89 0.37
70 W8-7 56.0 16.0 28.0 46.0 22.0 17.0 2.0 3.27 9.690E-04 6.704E-04 65.20 0.36
80 W8-8 63.5 18.5 31.5 51.5 25.0 19.0 2.0 3.58 9.690E-04 5.929E-04 74.51 0.34
90 W8-9 71.5 21.0 35.0 58.0 28.5 21.5 2.5 4.08 9.690E-04 4.955E-04 83.83 0.31
8 100 W8-10 79.0 23.0 38.5 63.5 31.5 24.0 2.5 4.52 9.690E-04 3.977E-04 93.14 0.28
10 W9-1 11.5 25.0 2.5 11.0 9.0 0.5 2.0 2.92 1.513E-03 1.245E-03 22.78 0.49
20 W9-2 15.0 49.0 8.5 19.0 14.0 4.5 3.0 2.82 1.513E-03 1.341E-03 45.55 0.51
30 W9-3 21.5 61.5 13.5 24.0 20.0 11.5 4.0 2.80 1.513E-03 1.340E-03 68.33 0.51
40 W9-4 29.0 66.0 17.0 27.0 26.0 22.0 4.5 2.80 1.513E-03 1.310E-03 91.11 0.50
50 W9-5 35.5 71.0 23.0 32.0 30.0 32.0 5.0 2.83 1.513E-03 1.254E-03 113.88 0.49
60 W9-6 41.0 76.5 31.5 37.5 34.5 41.5 5.0 2.91 1.513E-03 1.170E-03 136.66 0.47
70 W9-7 47.0 82.5 40.5 44.0 39.0 52.0 7.0 3.00 1.513E-03 1.080E-03 159.44 0.45
80 W9-8 52.0 88.0 49.5 50.0 43.5 62.0 6.0 3.17 1.513E-03 9.569E-04 182.22 0.42
90 W9-9 58.0 94.0 58.0 56.5 48.0 72.0 6.0 3.45 1.513E-03 8.091E-04 204.99 0.39
9 100 W9-10 63.5 100.0 67.0 63.5 52.5 82.0 6.5 3.87 1.513E-03 6.367E-04 227.77 0.33
10 W10-1 1.0 6.5 8.5 16.0 5.5 22.0 -0.5 1.99 2.536E-03 1.907E-03 25.07 0.61
20 W10-2 3.0 9.0 14.0 28.0 10.5 56.5 1.0 1.89 2.536E-03 2.156E-03 50.15 0.65
30 W10-3 6.0 10.5 18.0 36.0 11.5 80.0 2.0 1.85 2.536E-03 2.219E-03 75.22 0.66
40 W10-4 4.5 16.0 25.0 39.0 10.5 79.5 2.0 1.83 2.536E-03 2.206E-03 100.29 0.66
50 W10-5 2.0 22.0 32.5 42.0 10.0 79.0 3.0 1.84 2.536E-03 2.144E-03 125.37 0.65
60 W10-6 3.0 27.5 41.5 45.5 15.0 73.5 5.5 1.84 2.536E-03 2.064E-03 150.44 0.64
70 W10-7 5.0 26.5 49.5 48.5 22.0 68.0 10.0 1.87 2.536E-03 1.953E-03 175.51 0.62
80 W10-8 7.5 24.0 57.5 52.0 29.0 64.0 14.0 1.91 2.536E-03 1.823E-03 200.59 0.59
90 W10-9 7.0 20.0 66.5 55.5 32.0 63.0 16.0 1.99 2.536E-03 1.639E-03 225.66 0.55
10 100 W10-10 7.0 15.5 75.0 59.0 38.5 62.0 18.0 2.18 2.536E-03 1.358E-03 250.73 0.50
10 W11-1 18.5 52.0 3.5 -8.0 1.0 8.5 5.5 2.15 2.242E-03 1.490E-03 25.54 0.53
20 W11-2 26.0 83.0 3.5 -14.5 11.5 12.0 13.0 1.97 2.242E-03 1.764E-03 51.07 0.58
30 W11-3 29.5 96.5 4.0 -11.0 24.0 14.5 22.0 1.92 2.242E-03 1.843E-03 76.61 0.59
40 W11-4 29.0 96.5 14.0 -13.0 17.5 22.5 24.0 1.91 2.242E-03 1.846E-03 102.15 0.59
50 W11-5 26.0 96.5 17.0 -15.5 14.0 30.0 29.5 1.90 2.242E-03 1.842E-03 127.68 0.60
60 W11-6 24.5 97.0 16.0 -20.0 15.0 39.0 36.0 1.90 2.242E-03 1.808E-03 153.22 0.59
70 W11-7 22.5 97.0 17.0 -19.0 15.0 48.0 40.5 1.93 2.242E-03 1.730E-03 178.75 0.57
80 W11-8 20.0 97.0 19.0 -15.0 13.5 57.0 44.5 1.97 2.242E-03 1.620E-03 204.29 0.55
90 W11-9 18.0 97.5 21.0 -9.3 11.5 66.5 48.0 2.08 2.242E-03 1.442E-03 229.83 0.52
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Table D.2 – Data Matrix of pollutant load reduction (%) for every 10% of 
runoff volume and hydraulic parameters 
 





ID TSS NH4 NO2 NO3 TN PO4 TP RT OP OQ AD
1
ST
W1-1 28.0 17.0 7.0 18.5 16.0 14.0 14.5 2.85 1.163E-03 7.570E-04 0.38
2
ND
W1-2 11.0 11.5 6.0 9.0 8.0 10.5 7.5 2.27 1.134E-03 1.059E-03 0.44
3
RD
W1-3 4.5 12.0 8.0 14.0 10.0 7.5 6.5 2.51 9.826E-04 9.257E-04 0.42
4
TH
W1-4 11.0 7.5 4.0 6.5 6.5 7.0 5.5 2.67 8.718E-04 8.251E-04 0.39
5
TH
W1-5 6.5 7.0 0.5 5.0 4.0 11.5 6.0 2.89 7.772E-04 7.259E-04 0.37
6
TH
W1-6 5.0 7.0 0.0 5.0 3.5 12.0 6.0 2.98 7.239E-04 6.944E-04 0.36
7
TH
W1-7 5.5 7.0 0.0 5.5 3.5 12.0 6.0 3.19 6.796E-04 6.321E-04 0.35
8
TH
W1-8 5.0 7.0 0.5 5.0 3.5 12.5 6.0 3.23 6.836E-04 6.207E-04 0.34
9
TH
W1-9 4.0 8.5 1.5 6.0 4.0 3.5 2.0 4.14 5.311E-04 4.562E-04 0.31
1 10TH W1-10 1.5 8.0 0.0 4.0 3.0 2.5 2.0 4.97 4.099E-04 3.560E-04 0.28
1
ST
W2-1 3.0 20.5 0.0 16.0 7.0 13.5 9.0 2.97 1.713E-03 1.171E-03 0.46
2
ND
W2-2 8.0 8.5 0.0 6.0 1.0 8.5 5.5 2.56 2.063E-03 1.863E-03 0.60
3
RD
W2-3 3.0 2.5 0.0 0.5 -3.0 13.5 7.0 2.48 2.318E-03 2.141E-03 0.65
4
TH
W2-4 2.0 2.5 0.0 -0.5 -3.5 13.5 7.0 2.44 2.319E-03 2.235E-03 0.66
5
TH
W2-5 3.0 6.5 1.0 5.5 -0.5 10.0 5.5 2.51 2.142E-03 1.979E-03 0.62
6
TH
W2-6 9.5 9.5 4.0 5.5 2.0 5.0 5.5 2.55 1.852E-03 1.726E-03 0.57
7
TH
W2-7 17.5 6.0 2.0 4.0 3.5 4.5 8.5 2.72 1.589E-03 1.405E-03 0.52
8
TH
W2-8 15.5 6.5 0.0 4.5 1.5 5.0 8.0 2.92 1.277E-03 1.106E-03 0.45
9
TH
W2-9 15.5 2.5 -0.5 5.0 2.0 5.5 8.0 3.55 9.010E-04 7.439E-04 0.37
2 10TH W2-10 15.5 4.5 0.5 5.5 2.0 5.0 8.0 3.75 5.596E-04 4.018E-04 0.30
1
ST
W3-1 11.0 1.5 0.0 3.0 3.0 5.5 5.5 2.67 2.659E-03 1.772E-03 0.59
2
ND
W3-2 11.0 5.5 0.0 2.5 3.0 5.0 4.0 2.46 2.696E-03 2.627E-03 0.74
3
RD
W3-3 12.0 3.0 0.0 2.5 3.0 0.5 4.5 2.43 2.533E-03 2.439E-03 0.70
4
TH
W3-4 6.0 5.0 0.0 4.0 1.0 2.0 2.5 2.45 2.525E-03 2.453E-03 0.71
5
TH
W3-5 8.0 14.0 0.0 3.0 3.0 6.5 6.0 2.43 2.437E-03 2.325E-03 0.68
6
TH
W3-6 7.5 13.0 0.0 3.5 5.0 7.0 7.0 2.50 2.197E-03 2.015E-03 0.63
7
TH
W3-7 7.0 6.0 0.0 1.0 5.0 7.0 12.5 2.55 1.868E-03 1.737E-03 0.58
8
TH
W3-8 7.5 7.0 1.0 0.5 5.0 12.0 15.0 2.72 1.593E-03 1.399E-03 0.52
9
TH
W3-9 8.0 14.5 6.5 4.0 7.0 16.5 15.5 2.97 1.264E-03 1.071E-03 0.45
3 10TH W3-10 8.0 14.5 7.0 4.0 7.5 16.5 16.5 3.76 8.725E-04 6.766E-04 0.36
1
ST
W4-1 13.0 8.5 10.0 17.0 -15.0 5.5 10.5 5.83 1.071E-03 3.636E-04 0.28
2
ND
W4-2 13.0 9.0 -1.0 15.0 -7.0 2.0 7.5 3.15 1.047E-03 9.572E-04 0.43
3
RD
W4-3 12.0 10.0 0.5 14.5 21.0 3.0 6.0 3.35 8.882E-04 8.441E-04 0.40
4
TH
W4-4 14.0 12.0 5.5 7.5 6.0 2.0 3.0 3.52 7.989E-04 7.446E-04 0.37
5
TH
W4-5 6.0 13.5 2.5 7.0 2.0 3.0 -2.5 3.95 6.880E-04 6.148E-04 0.34
6
TH
W4-6 4.0 8.0 -2.5 6.0 0.0 5.0 -1.5 4.96 5.206E-04 4.489E-04 0.31
7
TH
W4-7 2.5 4.5 -2.0 4.5 -0.5 17.0 4.0 5.93 4.013E-04 3.406E-04 0.28
8
TH
W4-8 1.0 3.5 -3.5 4.5 0.0 21.0 5.5 7.01 3.154E-04 2.532E-04 0.25
9
TH
W4-9 -0.5 2.5 -4.0 4.5 -1.5 17.0 4.5 8.13 2.352E-04 2.025E-04 0.22
4 10TH W4-10 -0.5 2.5 -2.5 4.5 -1.0 12.0 5.0 9.33 1.835E-04 1.525E-04 0.20
1
ST
W5-1 30.0 6.5 8.0 17.0 9.5 7.0 1.0 3.80 7.527E-04 5.569E-04 0.34
2
ND
W5-2 33.5 4.5 2.0 9.5 5.0 3.0 -1.0 3.11 7.325E-04 7.020E-04 0.36
3
RD
W5-3 4.5 6.0 -2.5 10.0 -0.5 2.0 -11.0 3.37 6.704E-04 6.328E-04 0.35
4
TH
W5-4 9.5 5.5 -7.5 7.5 -1.0 3.0 -8.0 3.89 5.928E-04 5.338E-04 0.33
5
TH
W5-5 -9.0 7.5 -6.0 7.5 3.0 6.0 1.0 4.47 4.814E-04 4.528E-04 0.31
6
TH
W5-6 0.5 7.0 -1.5 7.0 4.5 9.5 4.5 4.85 4.304E-04 4.059E-04 0.30
7
TH
W5-7 -1.0 8.0 1.0 6.5 0.5 11.5 1.5 5.45 3.811E-04 3.518E-04 0.28
8
TH
W5-8 -0.5 7.5 0.5 7.0 1.0 12.5 2.5 6.54 3.221E-04 2.845E-04 0.26
9
TH
W5-9 0.0 7.5 1.5 7.0 0.0 11.5 2.5 9.86 2.461E-04 1.831E-04 0.24









































W6-1 0.0 98.0 -2.5 5.0 9.5 1.5 14.0 2.73 2.477E-03 1.371E-03 0.47
2
ND
W6-2 6.5 2.0 -5.0 2.0 3.0 3.5 4.0 2.25 2.303E-03 2.127E-03 0.61
3
RD
W6-3 1.5 0.0 -4.5 2.5 0.5 5.0 -1.0 2.33 1.987E-03 1.769E-03 0.55
4
TH
W6-4 1.5 0.0 -5.0 2.0 0.5 5.0 -1.5 2.48 1.547E-03 1.419E-03 0.49
5
TH
W6-5 2.0 0.0 -5.5 2.5 0.5 6.0 -1.0 2.47 1.538E-03 1.433E-03 0.49
6
TH
W6-6 1.5 0.0 -5.0 1.5 0.5 5.0 -1.0 2.48 1.522E-03 1.426E-03 0.49
7
TH
W6-7 1.5 0.0 -5.5 2.0 0.5 6.0 -1.0 2.51 1.455E-03 1.351E-03 0.47
8
TH
W6-8 2.0 0.0 -5.0 2.0 0.0 5.0 -1.0 2.47 1.526E-03 1.454E-03 0.49
9
TH
W6-9 1.5 0.0 -5.5 2.5 1.0 6.0 -1.0 2.77 1.352E-03 1.089E-03 0.43
6 10TH W6-10 1.5 0.0 -4.5 2.0 0.5 5.0 -1.5 4.01 8.811E-04 5.695E-04 0.32
1
ST
W7-1 17.5 8.5 19.5 6.0 3.0 6.0 0.0 4.88 8.090E-04 4.612E-04 0.31
2
ND
W7-2 8.5 -16.5 11.5 5.0 1.5 6.5 -2.0 2.94 1.763E-03 1.188E-03 0.47
3
RD
W7-3 5.0 -14.5 0.0 6.0 2.5 0.5 0.0 2.55 1.768E-03 1.731E-03 0.57
4
TH
W7-4 4.0 -14.0 -2.0 5.5 2.5 2.5 0.0 2.65 1.657E-03 1.512E-03 0.54
5
TH
W7-5 4.0 -13.0 -1.0 5.0 2.5 2.0 -0.5 2.77 1.401E-03 1.361E-03 0.51
6
TH
W7-6 4.0 -13.5 -2.0 5.0 2.0 2.0 0.5 2.75 1.477E-03 1.407E-03 0.52
7
TH
W7-7 4.0 -14.0 -1.5 5.5 2.0 2.5 0.0 2.78 1.363E-03 1.269E-03 0.49
8
TH
W7-8 4.0 -13.0 -2.0 5.0 2.5 2.5 0.0 3.07 1.170E-03 9.980E-04 0.43
9
TH
W7-9 4.0 -14.0 -1.5 5.5 2.0 1.5 0.0 3.57 8.571E-04 7.310E-04 0.37
7 10TH W7-10 4.5 -14.0 -2.0 5.5 2.5 2.0 0.0 5.28 5.902E-04 4.039E-04 0.30
1
ST
W8-1 10.5 2.5 6.5 10.5 4.0 3.5 1.0 3.63 7.975E-04 5.864E-04 0.34
2
ND
W8-2 7.5 2.5 3.5 5.5 3.0 2.5 0.0 2.88 8.704E-04 7.886E-04 0.39
3
RD
W8-3 7.5 2.0 4.0 6.0 3.0 2.0 0.0 2.60 9.690E-04 9.346E-04 0.43
4
TH
W8-4 8.0 2.0 3.5 6.0 3.5 2.5 0.5 2.74 8.969E-04 8.541E-04 0.40
5
TH
W8-5 7.5 2.5 3.5 6.0 3.0 2.0 0.0 2.97 8.073E-04 7.505E-04 0.37
6
TH
W8-6 7.5 2.5 3.0 5.5 3.0 2.0 0.5 3.49 6.912E-04 6.074E-04 0.34
7
TH
W8-7 7.5 2.0 4.0 6.5 2.5 2.5 0.0 4.53 5.182E-04 4.447E-04 0.31
8
TH
W8-8 7.5 2.5 3.5 5.5 3.0 2.0 0.0 5.80 3.945E-04 3.278E-04 0.27
9
TH
W8-9 8.0 2.5 3.5 6.5 3.5 2.5 0.5 7.22 2.895E-04 2.245E-04 0.24
8 10TH W8-10 7.5 2.0 3.5 5.5 3.0 2.5 0.0 8.59 1.954E-04 1.315E-04 0.20
1
ST
W9-1 11.5 25.0 2.5 11.0 9.0 0.5 2.0 2.93 1.513E-03 1.245E-03 0.49
2
ND
W9-2 3.5 24.0 6.0 8.0 5.0 4.0 1.0 2.71 1.513E-03 1.452E-03 0.53
3
RD
W9-3 6.5 12.5 5.0 5.0 6.0 7.0 1.0 2.76 1.388E-03 1.339E-03 0.50
4
TH
W9-4 7.5 4.5 3.5 3.0 6.0 10.5 0.5 2.79 1.287E-03 1.228E-03 0.48
5
TH
W9-5 6.5 5.0 6.0 5.0 4.0 10.0 0.5 2.95 1.166E-03 1.071E-03 0.44
6
TH
W9-6 5.5 5.5 8.5 5.5 4.5 9.5 0.0 3.30 9.569E-04 8.750E-04 0.41
7
TH
W9-7 6.0 6.0 9.0 6.5 4.5 10.5 2.0 3.53 8.140E-04 7.397E-04 0.37
8
TH
W9-8 5.0 5.5 9.0 6.0 4.5 10.0 -1.0 4.39 6.612E-04 5.320E-04 0.33
9
TH
W9-9 6.0 6.0 8.5 6.5 4.5 10.0 0.0 5.69 4.381E-04 3.619E-04 0.28
9 10TH W9-10 5.5 6.0 9.0 7.0 4.5 10.0 0.5 12.24 2.826E-04 9.889E-05 0.23
1
ST
W10-1 1.0 6.5 8.5 16.0 5.5 22.0 -0.5 1.99 2.536E-03 1.907E-03 0.61
2
ND
W10-2 2.0 2.5 5.5 12.0 5.0 34.5 1.5 1.78 2.520E-03 2.481E-03 0.71
3
RD
W10-3 3.0 1.5 4.0 8.0 1.0 23.5 1.0 1.77 2.432E-03 2.355E-03 0.68
4
TH
W10-4 -1.5 5.5 7.0 3.0 -1.0 -0.5 0.0 1.78 2.273E-03 2.169E-03 0.65
5
TH
W10-5 -2.5 6.0 7.5 3.0 -0.5 -0.5 1.0 1.85 2.046E-03 1.925E-03 0.61
6
TH
W10-6 1.0 5.5 9.0 3.5 5.0 -5.5 2.5 1.88 1.838E-03 1.740E-03 0.57
7
TH
W10-7 2.0 -1.0 8.0 3.0 7.0 -5.5 4.5 2.02 1.634E-03 1.478E-03 0.53
8
TH
W10-8 2.5 -2.5 8.0 3.5 7.0 -4.0 4.0 2.16 1.350E-03 1.242E-03 0.48
9
TH
W10-9 -0.5 -4.0 9.0 3.5 3.0 -1.0 2.0 2.63 1.119E-03 9.071E-04 0.41
10 10TH W10-10 0.0 -4.5 8.5 3.5 6.5 -1.0 2.0 3.89 7.620E-04 5.333E-04 0.33
1
ST
W11-1 18.5 52.0 3.5 -8.0 1.0 8.5 5.5 2.16 2.242E-03 1.490E-03 0.53
2
ND
W11-2 7.5 31.0 0.0 -6.5 10.5 3.5 7.5 1.78 2.222E-03 2.162E-03 0.65
3
RD
W11-3 3.5 13.5 0.5 3.5 12.5 2.5 9.0 1.83 2.102E-03 2.024E-03 0.63
4
TH
W11-4 -0.5 0.0 10.0 -2.0 -6.5 8.0 2.0 1.87 1.927E-03 1.855E-03 0.60
5
TH
W11-5 -3.0 0.0 3.0 -2.5 -3.5 7.5 5.5 1.87 1.857E-03 1.828E-03 0.60
6
TH
W11-6 -1.5 0.5 -1.0 -4.5 1.0 9.0 6.5 1.91 1.766E-03 1.654E-03 0.56
7
TH
W11-7 -2.0 0.0 1.0 1.0 0.0 9.0 4.5 2.08 1.528E-03 1.376E-03 0.51
8
TH
W11-8 -2.5 0.0 2.0 4.0 -1.5 9.0 4.0 2.28 1.272E-03 1.122E-03 0.46
9
TH
W11-9 -2.0 0.5 2.0 5.7 -2.0 9.5 3.5 2.95 9.206E-04 7.657E-04 0.38
11 10
TH
W11-10 -2.5 2.5 7.5 12.8 -1.5 21.5 4.0 3.96 5.999E-04 3.524E-04 0.28
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